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PREFACE. 


THE  observations  and  calculations  contained  in  this 
Book  have  occupied  my  leisure  hours  during 
the  past  ten  years ;  and  they  are  now  offered  to  the 
public,  with  the  view  of  showing  the  mutual  advan- 
tages obtainable  by  Anatomists  and  Geometers  from 
a  combination  of  the  Sciences  which  they  cultivate. 
Anatomists  will  gain  by  the  increased  precision  which 
numerical  statements  must  give  to  their  observations, 
and  Geometers  will  find  in  Anatomy  a  new  field  of 
problems  opened  out  to  their  investigation.  I  may 
be  allowed  to  call  attention,  from  this  point  of  view, 
to  the  problem  of  the  equilibrium  of  an  elliptical 
muscular  dome,  and  to  the  use  which  I  have  made  of 
the  hyperboloid  of  one  sheet,  of  Ptolem/s  Theorem, 
and  of  some  curves  of  the  third  order. 

In  the  course  of  my  investigations,  I  have  met 
with  numerous  instances,  in  the  muscular  mechanism 
of  the  vertebrate  animals,  of  the  application  of  the 
principle  of  least  action  in  Nature  ;  by  which  I  mean 
that  the  work  to  be  done  is  effected  by  means  of  the 
existing  arrangement  of  the  muscles,  bones,  and  joints, 
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with  a  less  expenditure  offeree  than  would  be  possible 
under  any  other  arrangement ;  so  that  any  alteration 
would  be  a  positive  disadvantage  to  the  animal.  If,  as 
I  consider  probable,  this  fact  should  prove  to  be  oi 
much  wider  occurrence  in  Nature  than  these  instances 
show,  it  may  serve  to  give  us  some  slight  glimpse  ot 
the  mechanism  by  which  the  conservation  of  species 
in  Nature  is  secured.  In  Astronomy,  the  conserva- 
tion of  the  Solar  System  depends  upon  certain  well- 
known  conditions  regulating  the  motions  of  the 
several  bodies  of  which  that  system  consists  ;  and  it 
is  a  matter  of  indifference  whether  these  conditions 
were  directly  imposed  by  the  Will  of  the  Divine^Con- 
tri  ver,  or  were  the  indirect  result  of  some  former  con- 
dition  of  the  System.  In  either  case,  these  conditions 
Ere  equally  the  foreseen  result  of  the  Contrivance. 
If  the  present  state  of  the  Solar  System  be  the  result, 
according  to  fixed  laws,  of  some  pre-existing  state  o. 
that  System,  it  may  be  said,  in  the  language  of  Na- 
turalists, to  have  been  evolved  out  of  its  former  state, 
but  in  such  an  Evolution  there  was  nothing  left  to 
Chance  ;  it  was  all  foreseen,  and  the  Evolution  itseL 
presided  over  by  the  Divine  Mind  that  planned  the 
whole.  I  cannot  see  why  there  may  not  be  in  Or- 
ganic Life  a  similar  process  of  Evolution  of  higher 
from  lower  forms  of  existence  ;  but  it  is  a  Teleologi- 
cal  Evolution,  in  which  every  step  and  every  I'esult 
was  foreseen  and  planned  beforehand.  The  Laws  of 
such  an  Evolution  appear  to  me,  in  the  present  state 
of  our  knowledge,  to  be  entirely  unknown. 
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1  have  explained  the  similarity  of  muscles  and 
bones  in  the  vertebrate  animals  on  simple  Teleo- 
logical  principles,  without  making  use  of  the  un- 
proved hypothesis  of  their  descent  from  a  supposed 
common  ancestor. 

In  the  discussion  of  the  Theory  of  Muscular 
Types,  and  of  the  Laws  of  Fatigue  and  Refreshment, 
I  have  succeeded  in  obtaining  many  new  and  interest- 
ing applications  of  exact  science  to  the  problems  of 
Animal  Mechanics. 

I  take  this  opportunity  of  returning  my  thanks  to 
Dr.  Alexander  Macalister  and  to  the  Rev.  Richard 
Townsend,  who  have  assisted  me  materially  in  the 
Anatomical  and  Geometrical  branches  of  my  subject ; 
and  also,  to  the  Provost  and  Senior  Fellows  of  Trinity 
College,  Dublin,  for  the  assistance  they  have  given 
me,  by  defraying  a  portion  of  the  expenses  of  pub- 
lication. 

SAMUEL  HAUGUTON. 


Trinity  College,  Dublin, 

tst  January,  1873. 
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I.  On  tlie  Naturtt  of  Maaoalar  Fibres. — If  a  portion  of  the 
muscle  of  any  animal  be  macerated  in  water  for  a  short  time, 
and  gently  separated  into  its  elements  by  means  of  dissecting 
needles,  it  will  be  found  to  consist  of  elementary  fibres,  ad- 
mitting of  no  further  subdivision  by  mechanical  treatment. 
These  elementary  fibres  extend  through  the  whole  length  of 
the  muscle  firom  its  origin  to  its  insertion,  and  thus  vary  in 
length  from  several  lines  to  upwards  of  two  feet.*  The  thick- 
ness of  the  elementary  fibres  has  been  measured  by  various 
observers,  among  whom  none  is  more  worthy  of  confidence 
than  Mr.  W.  Bowman,  who  has  given  the  following  Table  as 
the  result  of  his  observations  on  various  animals  :t — 

Diameter  of  the  Elementary  Fibres  of  Striped  Muscle  in  Fractions  of 

an  English  Inch. 

From  To 

1.  Honuui,      .    .    •    Y^    •    •    T^Y    •    •    Average  of  males,   .    .    j\^ 

„         females,     .    ^, 

2.  Giber  Mammals,    .  ^^   .    •    ^jf    .    .    average        ....    ^j 

*  In  the  m.  sartoriua  of  Man  these  fibres  have  been  found  upwards  of  two 
f;et  in  length,  and  I  have  m^rself  meaaured  them  in  the  m.  bieipiti  acceuoriut  of  the 
Uon  exactly  two  feet  long. 

t  '*  Cyclupiedia  of  Anat.  and  Phys.,**  vol.  iii.,  p.  507. 
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From 

To 

•J.  Birds,       ....  y^nj3   . 

•    rtu    •    •    *ve«gc, 

•    •    •    •    fhy 

4.  ReptfleB,  ....  yj^  . 

•    lAcr    •    •          »i 

•    •    •    •  *  iVf 

5.  Fishes,     .    .    .    •  TJT    • 

•     1*5     •     •          If 

....    tIt 

6.  Insects,   .    •    .    .  rh    • 

•      TWJ      •      •              »l 

....    ^ 

Professor  Donders,  of  Utrecht,  and  Dr.  Buys  Ballot,*  esti- 
mate the  cross  section  of  the  fibres  of  the  m.  biceps  humeri 
and  m.  brachialis  anticus^  in  Man,  as  j^^th  of  a  square  milli- 
metre. This  estimate,  converted  into  English  measures,  gives 
for  the  diameter 


d  ^  \/ 


4       39-37  o^      '    • 

— z^x^^  ^'  «  0.001986" —  m. 

500  IT     1000  "^        503 


In  this  formula,  ir  denotes  the  ratio  of  the  circumference  to 
the  diameter  of  a  circle. 

The  same  authors  foimd  for  the  cross  sections  of  these 
muscles  the  following  measurements : — 

m.  biceps  (long  head)      .     .    .     530"™-  square. 

^,        (short  head)     ...    452  ^ 

m.  brachialis  anticus        •     •     •     614  „ 
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Total      •    .    •     1596' 

From  these  results  it  follows  that  the  total  number  of  ele- 
mentary fibres  in  these  muscles  amounts  to  798,000.  These 
important  muscles  are  the  only  ones  concerned  in  holding  the 
forearm  flexed  at  right  angles  to  the  arm,  and  we  shall  have 
occasion  hereafter  to  make  use  of  the  results  just  given  on  the 
authority  of  Donders  and  Ballot 

The  elementary  fibres  are  not  circular  in  their  cross  sec- 
tion, but  polygonal,  in  consequence  of  their  mutual  pressure ; 
andmicroscopical  examination  shows  thatthe  blood  vesselswhich 
supply  the  fibres  are  interposed  at  the  angles  of  the  polygons : 
from  this  it  follows  that  the  muscles  which  have  the  smallest 
fibres  are  best  provided  with  blood,  and  are  therefore  ca- 

•  "  Orer  de  EUstidteit  der  Spiren,**  p.  47,  Svo.,  Utrecht,  1863. 
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pable  of  the  longest  endurance  of  work.  This  conclusion 
agrees  with  the  Table  of  Mr.  Bowman,  from  which  it  appears 
that  of  all  animals  the  muscles  of  Birds  possess  the  smallest 
fibres,  and  that  the  muscular  fibres  of  women  are  smaller  than 
those  of  men ;  for  it  is  well  known  that  no  animals  are  more 
capable  of  long-continued  muscular  exertion  and  fatigue  than 
Birds;  and  1  have  myself  found,  by  direct  experiment,  that  the 
muscles  of  women  are  capable  of  longer  continued  work  than 
those  of  men,  although  inferior  to  them  in  force  exerted  for  a 
short  time.* 

The  elementary  fibre  is  encased  in  a  sarcolemma,  or  sheath, 
very  tough  and  elastic,  but  not  endowed  with  the  vital  pro- 
perties of  the  muscular  fibre  itself;  and,  again,  many  such  ele- 
mentary fibres,  each  invested  by  its  proper  sheath,  are  united 
into  greater  or  lesser  bundles,  separated  from  each  other  by 
areolar  tissue,  sometimes  containing  fat,  which  acts  as  a  lubri- 
cating medium,  to  prevent  firiction  between  the  muscular  bun- 
dles during  their  rapid  and  varying  action. 

Before  speaking  of  the  varieties  of  origin,  insertion,  and 
action  of  the  muscular  bundles,  it  may  be  useful  to  say  a  few 
words  on  the  distinction  between  striped  and  unstriped  mus- 
cles, respecting  which  there  seems  to  be  much  confusion  of 
ideas.  On  examining  most  muscles  with  the  microscope,  they 
are  found  to  be  striped  crossways  with  very  delicate  and  close 
parallel  lines,  while  other  muscles  are  perfectly  free  from  such 
an  appearance.  It  is  said  by  some  that  the  distinction  of 
muscles  into  voluntary  and  involuntary  corresponds  with  the 
microscopical  distinction  into  striped  and  unstriped  muscles ; 
and,  if  it  were  not  for  the  all-important  exception  of  the  heart, 
this  assertion  might  be  maintained  with  much  appearance  of 

*  If  any  man  wishes  for  a  simple  preof  of  the  inferiority  of  the  endorance  of  his 
rauMles  at  compared  with  those  of  a  woman,  let  him  carry  a  child  on  his  arm  for  the 
same  time  that  his  wife  or  nurse  can  do  with  ease,  and  he  will  find  himself  much 
fatigued. 

b2 
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truth ;  bat  since  the  heart  is,  of  all  the  muscles  of  the  body, 
the  most  essentially  involuntary,  and  yet  possesses  striped 
muscles,  we  must  seek  for  some  other  explanation  of  this  re- 
markable difference  between  muscles  ;  and  indeed  it  must  be 
granted  that,  even  if  the  voluntary  and  involuntary  muscles 
were  invariably  striped  and  unstriped,  it  would  still  remain 
as  difficult  of  explanation  as  before  why  a  voluntary  muscle 
should  differ  firom  an  involuntary  muscle  in  so  singular  a 
manner. 

On  a  careful  examination  of  the  stripes  in  muscular  fibres, 
it  is  found  that  they  arise  firom  a  tendency  of  the  fibre  to  split 
crossways  into  thin  disks,  which  give  an  appearance  like  that 
of  cleavage  in  rocks  to  the  whole  of  the  fibres.  Judging  from 
the  analogy  of  cleavage,  I  have  come  to  the  conclusion  that 
the  striped  structure  in  muscles,  or  tendency  to  cleave  into 
disks,  is  due  to  their  repeated  contraction  between  two  fixed 
or  nearly  fixed  points  of  origin  and  insertion.  Mr.  Sorby  has 
shown,  by  examination  of  the  microscopical  structure  of  cleaved 
rocks,  and  I  have  shown  by  calculations  founded  on  the  dis- 
tortion  of  their  fossils,  that  the  planes  of  cleavage  are  at  right 
angles  to  the  lines  of  maximum  compression ;  Professor  Tyn- 
dall  also  has  proved,  by  direct  experiments  on  compressed 
wax,  that  the  formation  of  cleavage  planes  perpendicular  to 
lines  of  pressure  is  an  universal  law  of  nature.  Whenever, 
therefore,  we  find  in  muscular  fibres  a  distinct  origin  and  in- 
sertion, their  contraction  between  these  points  will  produce 
the  pressure  necessary  for  the  developement  of  cleavage  at  right 
angles  to  the  length  of  the  fibres ;  and,  in  like  manner,  when 
a  muscular  fibre  returns  upon  itself,  as  in  the  sphincter  ani  and 
sphincter  vagincB^  its  contraction  produces  the  striped  structure. 
In  the  case  of  the  heart,  as  is  now  well  established,  the  mus- 
cular fibres  form  closed  circuits,  coiling  round  each  ventricle 
and  round  the  whole  heart  in  such  a  manner,  that  their  con- 
traction, like  that  of  a  twisted  India  rubber  ring,  developes 
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the  condidons  of  pressure  necessary  for  the  production  of  a* 
deayed  or  sUiped  structure.  In  the  unstriped  muscles,  as 
those  of  the  b^ladder  and  uterus,  of  the  intestinal  canal  and 
scrotum,  the  contraction  of  the  muscle  is  vermicular,  and  not 
a  constant  strain  from  end  to  end ;  hence  the  conditions  of 
pressure  requisite  to  produce  cleavage  are  wanting,  and  the 
muscle  and  its  fibres  ren^ain  without  this  distinguishing  mark 
of  uniform  and  continued  contraction  from  end  to  end. 

It  has  been  found,  on  careM  microscopical  examination 
of  the  elementary  fibres,  that  they  possess  not  only  a  trans- 
verse cleavage,  dividing  them  into  disks,  but  also  a  longitudinal 
cleavage  or  jointage,  separating  the  fibres  into  JibrilUB;  so  that 
the  ultimate  subdivisions  of  muscles  may  be  regarded  as  ele- 
mentaiy  molecules  of  muscular  fibre,  which  are  to  be  con* 
sidered  as  units,  or  ultimate  atoms  of  muscular  tissue ;  and 
every  muscle  may  be  regarded  as  composed  of  a  certain  num* 
ber  of  such  atoms,  variously  distributed. 

2.  On  the  JXmtare  of  Mnaonlar  Contraotioii. — The  muscular 
fibres  already  described  are  capable  of  contracting  in  a  longi- 
tudinal direction,  and  in  so  contracting  exert  mechanical  force 
on  the  points  of  origin  and  insertion.  It  was  supposed  by 
the  older  writers  (as  Borelli  and  others),  that  there  was  no 
change  of  volume  during  th^  contraction  of  muscles;  and  this 
conjecture  has  been  confirmed  in  a  satisfactory  manner  by 
recent  experiments  ;  and,  as  this  law  of  constancy  of  volume 
during  change  of  form  holds  true  of  bodies  under  the  influence 
of  magnetical  and  electrical  forces,  some  writers  have  suppos^cd 
that  it  furnishes  a  key  to  the  explanation  of  muscular  vital  phe- 
nomena. 

It  is  certain  that  muscular  contraction  is  accompanied  by 
developement  of  sensible  heat  (or  loss  of  latent  heat)  ;  by  loss 
of  electrical' statical  tension  ;  and  by  the  chemical  transforma- 
tion of  fibrine,  albumen,  and  the  higher  products  of  animal 
life,  into  urea,  carbonic  acid,  and  water,  which  are  the  main 
excretions  of  all  animal  tissues:  and,  as  it  is  well  known  that 
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loss  of  latent  heat,  loss  of  statical  electricity,  and  change  of 
chemical  products  from  higher  to  lower  forms,  are  all  repre- 
sentatives of  force  expended,  or  work  done,  it  has  been  pro- 
posed by  various  authors  to  select  one  or  other  of  these  ex- 
ponents of  work,  as  the  means  of  measuring  its  amount  under 
various  conditions.  It  seems  to  me  that  chemical  transfor- 
mations present  the  most  certain  and  ready  of  all  known 
methods  of  determining  the  work  done  by  the  various  tissues 
of  the  body  in  tiie  discharge  of  the  several  functions  assigned 
to  them  in  the  economy  of  nature. 

All  these  chemical,  electrical,  and  calorifical  changes  are 
intimately  connected  with  tiie  supply  of  fresh  arterial  blood  to 
the  muscles;  and  any  theory  of  muscular  action  that  does 
not  explain  the  necessity  of  such  a  fresh  supply  of  blood  must 
be  erroneous. 

On  the  electrical  theory  of  muscular  action,  the  contraction 
of  the  muscle  is  accompanied  by  a  loss  of  electrical  tension, 
causedby  the  partial  discharge  of  the  opposite  electricities  of  the 
outer  and  inner  portions  of  the  muscular  bundles,  and  a  supply 
of  fresh  blood  is  admittedly  necessary  for  the  restoration  of  that 
tension ;  the  contraction  being  supposed  due  to  the  molecular 
attraction  of  the  muscular  particles  when  freed  from  the  con- 
trol of  their  induced  electricity.  This  theory  of  muscular 
action  certainly  commends  itself  by  the  explanation  which  it 
affords  oi  rigor  mortia  on  principles  analogous  to  those  of  or- 
dinary muscular  contraction ;  but,  inasmuch  as  no  method  has 
been  as  yet  devised  for  measuring  the  total  loss  of  electrical 
tension  caused  by  a  given  amount  of  muscular  action,  it  seems 
to  me  that  the  electrical  theory  of  such  action  must  be  re- 
garded, in  tiie  present  state  of  science,  as  a  theory  incapable  of 
yielding  numerical  results,  which  are  the  only  tests  to  which 
true  science  can  submit  its  decisions. 

Of  the  other  two  exponents  o£work  done,  namely,  the  ca- 
loric developed,  or  the  urea,  c^arbonic  acid,  and  water  produced. 
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by  a  given  amount  of  muscular  action,  I  cannot  treat  further 
at  present,  as  I  propose  to  confine  the  scope  of  this  work  al- 
together to  the  mechanical  effects  of  muscles.  Of  all  the 
methods  of  estimation  hitherto  proposed,  the  chemical  (as 
I  have  already  stated)  seems  to  me  to  be  the  most  natural,  and, 
in  the  existing  state  of  science,  the  most  certain. 

That  a  fresh  supply  of  arterial  blood  is  necessary  to  enable 
the  muscle  to  relax  its  contraction,  is  proved  by  many  obser- 
Tations  and  experiments.  Among  these  may  be  mentioned 
puerperal  convulsions  consequent  on  uterine  haemorrhage,  the 
anaemic  convulsions  witnessed  before  death  in  horses  and 
other  animals  destroyed  by  venesection,  the  phenomena  of 
rigor  mortis^  which  disappear  when  arterial  blood  is  artificially 
pumped  through  the  djring  arteries,  and  the  convulsions  caused 
by  simple  hanging. 

The  curious  readef  will  perhaps  excuse  the  following  di- 
gression on  the  art  of  hanging.* 

*  I  am  indebted  to  my  friend  Dr.  J.  K.  Ingram,  Fellow  of  Trinity  College, 
Dablin,  for  tlie  following  interesting  sketch  of  the  History  of  the  Art  of  Hanging  in 
England: — 

*'  Hanging  was  a  mode  of  execution  in  use  among  the  Anglo-Saxons.  Indeed, 
in  '  Beowulf— wliich  its  able  Editor,  Kemble,  believed  to  be  a  modernized  form  of  a 
poem  which  the  invaders  of  Britain  bad  brought  with  them  from  their  Continental 
bomea— the  gallows  (s^ffoi)  figures  as  an  old-established  institution  of  the  Teutonic 
raoea  of  Northern  Europe.  But  it  is  veiy  difficult  to  get  any  definite  information  as 
to  the  history  of  hanging  in  England.  It  seems,  however,  quite  certain  that  the  idea 
•f  immediately  extingmahhsg  the  life  of  the  culprit  by  a  sufficient  fall  never  presented 
itself  to  our  ancestors ;  their  only  notion  was  that  of  suspending  him  by  the  neck  fur 
what  might  seem  an  adequate  time  to  insure  (?)  strangulation.  It  is  noticed  by 
BladKstoae  as  a  somewhat  singular  fact,  that  the  only  warrant  the  sheriff  has  for  a 
capital  execution  is  the  signature  of  the  judge  to  the  calendar,  or  list  of  all  the  prison^ 
ers'  names,  with  theur  respective  Judgments  in  the  margin ;  *  as,  for  a  capital  felony 
it  is  written  opposite  to  the  prisoner's  name,  **  hanged  by  the  neck  ;**  formerly,  in  the 
days  of  Latin  and  abbreviation,  '*#««.  per  coll,^  for  '*  suspendatur  per  collum.*" 
OriginaUy,  however,  he  states  there  was  a  formal  precept  to  the  sheriff  under  tlie 
band  of  the  judge;  but  in  none  of  the  law  books  have  I  found  a  copy  or  exact  descrip- 
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Digra— Ion  on  tlie  Art  of  MKo^ng. — Death  is  caused  by 
hanging  in  one  or  other  of  the  three  following  methods : — 

1.  By  apoplexy,  caused  by  pressure  on  the  jugular  veins; 

2.  By  asphyxia,  caused  by  stoppage  of  the  windpipe  ; 

3.  By  shock  of  the  medulla  oblongata,  caused  by  fracture 
of  the  vertebral  columtL 

In  the  first  two  cases,  death  is  preceded  by  convulsions, 
lasting  firom  five  to  forty-five  minutes,  which  are  caused  by 
the  cessation  of  the  supply  of  arterial  blood  to  the  muscles.  In 
the  third  case,  death  is  instantaneous  and  painless,  and  is  un- 
accompanied by  any  convulsive  movement  whatever. 

According  to  the  original  form  of  death  punishment  for 
treason  in  England,  the  hanging  was  used  as  an  anaesthetic, 
preparatory  to  the  disembowelling  (or  drawing)  that  always 
preceded  the  quartering  of  the  criminal ;  and  the  present  slow 
process  of  hanging,  practised  by  Calcrafl  and  others  in  Eng- 
land and  Scotland,  which  consists  in  dropping  the  patient 
through  two  or  three  feet,  and  allowing  him  to  hang  until 
dead,  is  the  faithful  representation  of  the  original  process 
of  han^g,  which  was  intended  to  fulfil  a  purpose  quite  distinct 
firom  tiiat  of  the  speedy  execution  of  the  criminal. 

It  seems  to  me  unworthy  of  the  present  state  of  science 
to  continue  a  mode  of  execution  which  as  at  present  used  is 

tion  of  this  precept   I  do  not  even  find  how  long  the  seDtenoe,  to  be  *.hanged  by  the 
neck  tillpou  are  dead,*  has  been  in  nee. 

**  *  It  IS  dear,*  eays  Blackstone,  '  that,  if  upon  jadgment  to  be  hanged  by  the 
neck  till  he  is  dead,  the  criminal  be  not  thoronghly  killed,  bat  revives,  the 
sheriff  must  hang  him  again,  for  the  former  hanging  was  no  execution  of  the  sen- 
tence.* But,  strangely  enoogh,  we  find  in  the  'Vision  of  Piers  Plowman'  a  passage 
which  seems  to  show  that  the  opposite  of  this  either  was,  or  was  believed  to  be,  the 
established  rule  in  his  time : — 

<* '  It  is  noght  used  on  earthe 

To  hangen  a  felon 

Oder  than  ones, 

Though  he  were  a  tretour.*  " 
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extremely  clumsy,  and  also  painful  to  the  criminaL  Instead 
of  the  **  shprt  drop"  generally  used,  we  ought  to  employ  the 
**  long  drop,"  which  causes  instantaneous  death.  It  has  been 
proved  by  me  that  the  shock  of  a  ton  dropped  through  one  foot 
is  just  sufficient  to  fracture  the  anterior  articulating  surfaces 
of  the  second  vertebra  at  their  contact  with  the  atlas,  and  that 
this  fracture  allows  the  shock  to  fall  upon  the  medulla  oblongatc^ 
80  as  to  produce  instantaneous  death.  As  the  result  of  some 
connderation  bestowed  upon  the  subject,  I  would  recommend 
the  adoption  of  the  following  rule : — 

Bulb  I.  *^  Divide  the  weight  of  the  patient  in  pounds  into 
2240,  and  the  quotient  will  give  the  length  of  the  long  drop  in 
feet" 

For  example,  a  criminal  weighing  160  lbs.  should  be  al- 
lowed 14  feet  drop.  If  local  circumstances  will  not  allow  of 
the  long  drop  being  employed,  the  requisite  shock  should  be 
produced  by  strapping  a  shot  to  the  feet,  so  as  to  secure  the 
shock  of  2240  ft.  lbs.  to  the  medulla. 

Efforts  have  been  made  in  the  United  States  to  give  to 
hanging  all  the  rapidity  of  death  by  the  guillotine,  without  the 
painful  spectacle  of  bloodshed.  This  method,  which  is  bor- 
rowed firom  the  mode  of  execution  practised  on  board  ship, 
consists  in  suddenly  lifting  the  criminal  into  the  air  by  means  of 
a  great  weight  attached  to  the  other  end  of  the  rOpe  fastened 
round  his  neck ;  the  rope  passes  over  two  pulleys,  one  of  which 
is  placed  vertically  over  the  patient,  and  at  a  given  signal  the 
weight  falls  through  a  regidated  height,  lifting  him  suddenly 
into  the  air.  Sufficient  attention,  however,  has  not  been  paid, 
even  in  that  enlightened  country,  to  the  conditions  necessary 
to  be  fulfilled  in  tiiis  mode  of  suspension ;  for  in  many  of  their 
executions  the  only  caretiiat  seems  to  have  been  taken  was  to 
make  the  falling  weight  heavier  than  the  criminal,  so  as  to  in- 
sure his  permanent  suspension  by  the  neck  until  death  termi- 
nated his  sufferings. 
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The  American  method  of  hanging,  if  properly  applied, 
seems  to  me  to  be  capable  of  producing  death  by  shock  with 
even  less  suffering  than  the ''  long  drop ;"  for,  although  by  the 
latter  method  death  is  instantaneous  when  the  shock  actually 
occurs,  yet  the  mental  sufferings  of  the  criminal  during  the 
second  occupied  by  his  fall  may  be  very  considerable.  This 
painful  interval  is  altogether  avoided  in  the  American  method, 
provided  the  initial  shock  be  sufficient  to  destroy  the  medulla 
oblongata.  This  important  condition  may  be  effected  by  the 
following  calculations,  which  lead  to  an  easy  rule : — 

The  falling  weight,  acting  through  the  intervention  of  the 
rope,  produces  its  effect  in  a  manner  similar  to  that  of  the 
shock  or  collision  of  imperfectly  elastic  bodies. 

Let  m  and  m'  denote  the  masses  of  the  two  bodies,  and  let 
V  and  V  denote  their  velocities  previous  to  collision  or  shock, 
while  e  denotes  the  coefficient  of  elasticity  of  the  rope. 

Let  tt,  u\  denote  the  velocities  of  the  masses  m,  m\  after 
the  shock  ;  then  it  is  well  known*  that 

mv  +  mV  -  em!  (v  -  t?')  ,  . 

,     mv  +  mV  -  «m  (t/  -  r) 

Ua   7-^ ^ 

m  ^-  m 

The  via  vivu  lost  during  the  shock  is  expended  upon  the 
neck  of  the  criminal,  and  is  represented  by 

mv*  +  mV*  -  mw'  -  m'u\ 

After  some  reductions  this  is  found  to  be 

Via  viva  lost «  -^^  (i  -  c»)  {v  -  vy.  (2) 

This  result  may  be  applied  practically  to  the  solution  of  the 
American  problem  of  hanging,  so  as  to  cause  instantaneous 
death,  in  the  following  manner : — 

*  Vide  "Manaal  of  Mechanics/'  p.  156. 
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Let  P  denote  the  weight  employed,  and  Q  the  weight  of 
the  criminal ;  let  e  denote  the  coeiGcient  of  elasticity  of  the 
rope  used,  and  Fthe  velocity  acquired  by  the  weight  Q  in 
falling  through  the  height  A. 

If  we  consider  the  problem  of  the  weight  Q  moving  with 
the  velocity  V^  aitd  causing  the  weight  P  to  move  through 
the  intervention  of  the  rope,  whose  elasticity  is  t ;  the  shock 
produced  on  Pat  the  moment  when  the  *'  chuck"  takes  place 
is  similar  to  that  which  occurs  in  the  collision  of  bodies  striking 
each  other,  and  is  measured  by  the  m$  viva  lost  during  their  col- 
lision.   The  vit  viva  lost  during  the  shock  is,  by  equation  (2), 

g  P+Q^'    ^^^  ' 
but,  since  the  work  lott  is  half  the  via  viva  lost,  if  we  substitute 
for  V*  its  value,  igh,  we  find 

PQ 
~Q 

For  the  ropes  usually  employed,  e  may  be  considered  as  a 
very  small  fraction,  and  ^  may  be  totally  disregarded.  The 
work  lost  is  expended  in  causing  shock  to  the  neck,  and  should, 
as  I  have  already  stated,  be  equal  to  at  least  2240  foot  lbs. 

In  a  case  ofhan^gthat  came  under  my  own  observa- 
tion, the  criminal  weighed  idolbs.,  and  was  allowed  to  fail 
through  14  ft.  6  in.,  which,  allowing  for  some  elasticity  in  the 
rope,  would  correspond  with  2240  ft.  lbs.  of  shock ;  in  this 
case,  the  anterior  articulating  surfaces  of  the  second  vertebra 
were  fractured  near  their  posterior  border  (the  fracture  of 
the  bone  extending  to  the  foramina  for  the  vertebral  ar- 
teries), but  the  odontoid  process  of  the  axis  was  not  broken, 
nor  the  transverse  ligament  of  the  atlas  torn  across.  Death 
in  this  case  was  as  instantaneous  as  it  would  have  been  had 
the  transverse  ligament  given  way,  instead  of  the  bone ;  for 
the  shock  reached  the   medulla,  and  its  consequence  was 


Worklost--^(i-«»)A.  (3) 
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immediate  and  painless  death.  In  hanging,  the  rope  supports 
the  adaSy  and  presses  it  against  the  occipital  articulations,  while 
the  second  vertebra  tends  to  fall  with  the  body  ;  and  it  follows 
from  this  that  either  the  odontoid  process  must  give  way,  or 
the  second  vertebra  be  broken  across  at  its  superior  articu- 
lating surfaces ;  in  either  case  death  will  be  immediate.  The 
height  of  the  criminal  just  mentioned  was  5  ft-  9^  in.  a  few 
days  before  execution,  and  after  death  he  was  found  to  mea- 
sure 5  ft.  1 1  in.,  having  been  elongated  an  inch  and  a  half  by 
the  « long  drop"  of  14J  ft. 

From  the  foregoing,  it  therefore  appears  that  a  shock  to 
the  neck  of  2240  ft.  lbs.  is  just  suf&cient  to  cause  immediate 
death.  Substituting,  therefore,  2240  ft.  lbs.  for  the  work  lost 
in  the  preceding  equation,  we  find 

PQh 

or,  solving  for  P, 

^   QA-2240*  ^^^ 

From  this  equation  it  follows  that,  unless  Qh  be  greater  than 
2240,  the  value  of  P  (the  weight  required)  will  be  negative  ; 
but  Qh  denotes  the  work  produced  by  the  crimincS  Q  falling 
through  the  height  A. 

Let  A,  therefore,  denote  the  "  long  drop"  found  by  Rule  I., 
and  the  following  consequences  may  be  inferred  from      (4) — 

1.  In  the  American  mode  of  hanging,  if  the  weight  be  let 
fall  through  the  height  A,  sufficient  to  cause  death  instanta- 
neously by  the  "  long  drop,"  it  would  require  an  infinite  weight 
to  cause  immediate  death ;  for  in  this  case 

Qh  -  2240  -  o, 

and  therefore  P  is  infinite. 

2.  In  the  American  mode  of  hanging,  if  the  weight  be 
let  fall  through  twice  the  height  of  the  **  long  drop,"  a  weight 
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equal  to  that  of  the  criminal  will  be  sufficient  to  cause  im- 
mediate death ;  for  in  this  case, 

QA' 2240  "2340; 
and  therefore,  by  equation  (4) 

P.Q. 

For  all  heights  intermediate  between  h  and  2A,  the  weight 
P  must  be  found  from  equation  (4),  and  it  will  always  lie  be- 
tween Q  and  infinity. 

In  practice,  twice  the  height  of  the  "  long  drop"  would  al- 
ways be  found  convenient,  and  therefore  the  following  Rule 
for  producing  instantaneous  death  by  the  American  method  is 
confidently  recommended : — 

Rule  II.—"  Having  found  firom  Rule  L  the  height  of  the 
English  long  drop,  use  twice  this  height  and  a  weight  equal  to 
that  of  the  criminal  in  the  American  method."* 

• 

*  I  hare  setithed  in  Tain  for  weU-aathenticated  instanoea  of  fracture  of  the  oer* 
▼kal  vertebne  produced  by  the  usiial  method  of  bangingf  Among  the  longest  drops 
tbit  I  can  find  recorded  by  competent  vritneeses  are  two  ohserved  by  Dr.  Charles 
Croker  King,  when  ProfSBSSor  of  Anatomy  in  the  Qoeen*8  College,  Galway. 

Case  L  (a) — ^Ayoong  man  named  Hurley  was  executed  in  Qalway  at  6*25,  p.ro., 
on  the  a7th  August,  1853,  for  the  morder  of  a  young  woman  in  Dnnsandle  Wood. 
The  rope  use^was  ten  lines  in  diameter;  the  knot  was  large,  formed  of  three  turns 
of  the  rope ;  and,  on  the  noose  being  tightened  by  the  executioner,  corresponded  to 
the  oedpital  protuberance.  His  wdght  was  lo)  stone,  and  he  was  allowed  to  drop 
7^  Cset.    These  data  gtre  ns  as  follows  :— 

Work  done  »  147  x  ~e  iioa  ft.  lbs. 

a 

In  this  case,  as  Dr.  Kmg  remaiks,  **  there  was  no  dislocation  or  fracture  of  the 
vertebral  column,  or  injury  of  the  ligaments  or  of  the  spinal  cord." 

Cass  II.  (6)— On  the  i  ith  May,  1858,  Patrick  Lydon  was  hanged  in  Galway  for 
the  murder  of  his  wife.  Lydon  was  a  small  man,  only  5  ft.  5  inches  in  height ;  the 
diameter  of  the  rope  was  10  lines;  bis  weight  was  9^  stone,  and  the  drop  1 1  ft. 

Hence  we  find — 

Work  done  =133x11  =  1463  ft  lbs. 
In  this  case,  **  that  portion  of  the  anterior  common  ligament  of  the  spine  which 

(a)  **  Dablin  Qoarterly  Jonmal  of  Medical  Science,**  vol.  xtUL,  1854,  p.  80,  et  leq, 
(fr)  Ibid^  August,  186& 
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Ob  the  Nature  of  Mwionlur  Oontraotloa. — Whatever  ob- 
scurity there  may  be  as  to  the  ultimate  cause  of  muscular  con- 
traction,  there  need  be  none  whatever  as  to  the  modus  aperandu 

When  a  stimulus  is  applied  to  a  muscle,  by  a  nerve,  by  a 
mechanical  injury,  or  by  electricity,  there  follows  immediate 
contraction  of  the  muscular  fibres  in  the  neighbourhood  of  the 
part  affected,  and  this  contraction  is  rapidly  propagated  by  a 
wave-like  motion  to  the  other  parts  of  the  muscular  fibres^-each 
particle  contracts  for  an  instant  of  time,  and  then  transmits  the 
contracted  phase  to  the  neighbouring  particles,  so  that  the  en- 
tire length  of  the  muscle  is  never  contracted  together,  but  wave 
after  wave  of  contraction  is  passed  through  it,  so  long  as  the 
action  of  the  nerve  or  other  stimulus  is  continued. 

The  rate  at  which  the  wave  of  contraction  passes  along 
the  muscles  of  a  frog  has  been  shown  by  Prof.  Aebe  to  bo 
only  3  ft.  per  second,  which  is  much  less  than  the  rate  at  which 
similar  waves  of  action  pass  along  the  sensitive  and  motor 
nerves,  which  has  been  determined  by  several  observers.  The 
following  may  be  given  as  examples : — 

1.  Bate  of  action  of  Motor  nerves  of  Frog  (Helmholz),  ...  8S  ft.  per  aee. 

2.  Bate  of  action  of  Sensittve  nerves  of  Man  (Schelakie),  •  •  97  »      «» 

The  rate  at  which  the  wave  of  action  runs  along  both  sen- 
sitive and  motor  nerves  may  be  approximately  measured  by 
noting  what  is  well  known  to  observers  as  the  **  personal 
equation." 

An  observer  is  obliged  to  watch  with  the  eye,  the  ear,  or 
any  other  sense,  a  certaiii  phenomenon,  and  then  to  record 
with  the  hand,  through  some  instrumentality,  the  instant  of 

passes  from  the  body  of  the  second  to  that  of  the  third  cervical  vertebra  was  rap- 
tared,  so  that  the  left  halves  of  the  bodies  of  the  above-mentioned  vertebra  were 
•eparated  from  each  other  by  an  interval  of  one-eighth  of  an  inch,  bat  there  was  no 
displacement." 

These  criminals  were  executed  with  the  same  rope ;  and  death,  in  the  second  case, 
was  not  preceded  by.  violent  mnscolar  convulsions,  as  in  the  first  case ;  a  fact  which 
is  readily  acconnted  for  by  the  excess  of  shock  in  the  proportion  1463  to  1 102. 
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the  occurrence  of  that  phenomenon.  It  is  well  known  that  dif- 
ferent observers,  equaUy  competent,  allow  different  but  always 
constant  intervals  to  elapse  between  the  moment  of  the  oc- 
currence of  the  phenomenon  and  the  moment  of  recording  it, 
and  the  differences  between  different  observers  is  called  the 
'*  personal  equation."  In  other  words,  the  time  occupied  by 
the  sensitive  nerves  in  conveying  the  impression  to  the  aptie 
ihalamuSy  and  by  the  motor  nerve  in  reconveying  the  order  of 
the  brain  from  the  corpus  striatumj  is  different  in  different  per- 
sona-—or,  the  velocity  of  nerve  action  differs  in  different  per- 
sons, Bnda  fortiori  in  diffi^rent  animals.  * 

Altiiough  the  velocity  of  the  wave  of  sensation,  or  of  volition, 
may  thus  vary,  according  to  original  differences  in  individuals, 
or  according  to  the  state  of  health  in  the  same  individual, 
there  is  good  reason  to  believe  that  the  time  occupied  by  each 
particle  of  the  muscle  or  nerve  fibre  in  going  tiirough  all  its 
changes  of  contraction  and  relaxation  remains  constant. 

According  to  the  well-known  formula  for  wave  motion — 

X  =  v<,  (5) 

where  X  denotes  tiie  wave  length,  v  the  velocity  of  the  wave, 
and  t  the  time  of  molecular  vibration  or  change  of  state. 

From  this  formula  it  follows  that,  if  the  time  of  vibration  be 
constant,  the  length  of  the  wave  will  vary  as  the  wave  velo- 
dty;  so  tiiat  waves  of  different  degrees  of  velocity  may  pass 
along  the  same  nerve  or  muscle,  without  any  change  having 
taken  place  in  the  molecular  conditions  of  contraction  and  re- 
laxation of  each  portion  of  tiie  muscle  or  nerve. 

Nothing  proves  so  conclusively  as  the  observation  of  per- 
sons afflicted  with  softening  of  the  brain,  the  fact  that  the 

*  The  recent  experiments  of  Prof.  Dondere  show  that  the  time  occupied  in  the 
transmission  of  a  sensation  from  the  eye  to  the  brain,  the  formation  of  a  judgment, 
and  the  transmiadon  of  volition  from  the  brain  to  the  hand,  is  0.15  second.  When 
the  ear  is  employed  instead  of  the  eye,  the  time  is  reduced  to  0.99  second. 
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time  between  the  observation  and  recording  of  a  pheno 
menon  may  vary  greatly  in  the  same  person  according  to  the 
state  of  health ;  but,  as  the  principal  retardation  in  these  cases 
may,  and  probably  does,  occur  in  the  brain  itself  (between  the 
reception  of  the  sensation  and  the  issiung  of  the  volition),  it 
would  not  be  philosophical  to  adduce  such  cases  as  proofs  of 
a  difference  of  velocity  in  the  nerves  either  of  sensation  or  of 
motion. 

Whatever  be  the  rate  of  wave  motion  in  the  muscle  or 
nerve,  the  time  of  its  molecular  vibration  may  be  determined  by 
the  note  of  the  susurrua  caused  by  the  muscles,  and  by  the 
note  of  the  tinnitus  produced  by  the  nerves. 

In  the  Croonian  Lecture,  read  before  tiie  Royal  Society,  on 
November  i6th,  1809,  Dr. . WoUaston  called  attention  to  the 
sound,  or  susurrus,  produced  by  the  muscles  when  in  a  state 
of  contraction.  He  states  correctiy  that  this  sound  is  best 
produced  by  inserting  gentiy  the  extremity  of  the  finger  into 
the  ear,  bringing  at  the  same  time  the  muscles  of  the  hand  and 
forearm  into  strong  contraction.  The  muscular  susurrus  may 
also  be  heard  easily  by  using  a  stethoscope  upon  a  con- 
tracted muscle,  either  of  the  observer's  or  of  any  other  person's 
body. 

Having  described  tiie  mode  of  obtaining  tiie  sound,  Dr. 
WoUaston  correctiy  adds,  that  it  *'  resembles  most  nearly  that 
of  carriages  at  a  great  distance  passing  rapidly  over  a  pave- 
ment ;"  to  which  admirable  description  of  the  sound  I  would 
add,  tiiat  it  bears  a  most  striking  resemblance  to  the  deep 
hum  produced  by  the  blowing  fan  of  a  large  foundry. 

Dr.  WoUaston  attempted  to  estimate  the  frequency  of  the 
elementary  muscular  contraction  that  produces  the  susurrus 
by  aUowing  his  ear  to  rest  on  the  baU  of  his  thumb,  whUe  his 
elbow  was  supported  by  a  horizontal  board,  in  which  he  had 
cut  a  number  of  equal  notches,  about  one-eightii  of  an  inch 
asunder.    Against  these  notches  he  rubbed  a  pencU  with  a 
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regular  motion,  until  he  made  the  sound  80  produced  to  coin- 
cide roughly  with  that  of  the  muscular  contraction ;  and  he  at- 
tempted to  estimate  the  number  of  notches  passed  over  in  a 
second.  His  conclusion  from  these  comparative  experiments 
is  the  following : — 

**  The  greatest  frequency  that  I  think  I  have  observed  was 
about  35  or  36  in  a  second,  and  the  least  was  as  low  as  14  or 
r5  .  .  • ;  they  appeared  to  be  in  general  between  20  and  30 
in  a  second ;  but  it  is  possible  that  the  method  I  employed 
may  be  found  defective,  and  it  is  to  be  hoped  that  my  estimate 
may  be  corrected  by  some  means  better  adapted  to  the  deter- 
mination of  intervals  that  cannot  actually  be  measured.'* 

An  accidental  observation  made  upon  myself  in  the  early, 
part  of  1862,  enabled  roe  to  fix  with  the  precision  desired  by 
Wollaston  the  rate  of  the  muscular  contraction  that  causes  the 
susurrus.  In  December,  1859,  ^^  recovering  from  a  fever, 
which  I  acqtdred  from  an  English  patient  under  the  care  of 
Dr.  Jonathan  Osborne,  in  Sir  Patrick  Dun's  Hospital,  I  found 
that  it  had  left  the  following  trace  of  its  visit  in  my  system  : — 
Occasionally  since  that  period,  when  overworked  by  mental 
exertion,  I  have  been  subject  to  a  singing  in  both  ears',  which 
is  relieved  by  a  drink  of  warm  milk,  and  by  sleep ;  sometimes, 
however,  I  have  found  the  tinnitus  aurium  so  great  as  to  pre- 
vent sleep. 

In  June,  1862,  while  kept  awake  by  this  disagreeable 
noise,  I  amused  myself  with  producing,  by  the  contraction  of 
the  masseter  muscles,  their  well-known  susurrus.  To  my  great 
surprise  and  pleasure,  I  observed  that  the  tinnitus  and  susurrus 
were  in  unison,  differing  from  each  other  by  several  octaves. 

I  followed  up  the  clue  thus  found,  and  consulted  my  mu- 
sical friends,  whom  I  instructed  in  the  mode  of  making  Wol- 
laston's  experiment,  without,  however,  informing  them  of  the 
note  that  I  myself  believed  to  be  the  true  sound  of  the  susur- 
rus and  tinnitus.     My  friends  have  arranged  themselves  into 

c 
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two  groups,  which  have  fixed  upon  CCG  and  DDD,  respec- 
tively, as  the  note  of  their  susurrus — that  is  to  say,  two  octaves 
below  bass  C  and  D. 


t)t  ,. u       a! 


I       ^^^ 


These  notes  are  found  on  the  new  pianos  only ;  and  several  of 
my  friends  informed  me  that  the  C  or  D,  the  lowest  on  their 
piano,  was  an  octave  above  the  susurrus ;  but,  on  inquiry, 
there  was  no  difficulty  in  ascertaining  what  note  was  really 
indicated.  The  tuning  of  the  pianos  was  carefully  tested  with 
a  standard  CC  diapason,  of  64  double  vibrations  per  second, 
used  for  acoustical  experiments,  and  corresponding  with  426^ 
vibrations  in  the  second  for  the  note,  treble  A. 


zz 


I 


Four  of  the  observers,  of  whom  two  were  ladies,  found  CCG, 
and  five,  of  whom  three  were  ladies,  found  DDD,  which  notes 
correspond,  respectively,  to  thirty-two  and  thirty-six  vibra- 
tions in  the  second. 

To  my  own  ear,  the  susurrus  has  constantiy  the  sound 
of  CCG  ;  and  the  tinnitus  had,  on  the  morning  of  30th  June, 
1862,  the  sound  of  the  octave  above  treble  G,  that  is  to 


say,  it  was  ^  H;*  five  octaves  above  the  susurrus. 


and  therefore  corresponding  to  a  rate  of  vibration  thirty-two 
times  faster  tiian  that  of  the  muscle,  or  1024  times  in  the 
6econd.f 

*  TUs  is  the  note  given  out  by  a  well-formed  hand  bell,  of  four  inches  di- 
ameter. 

t  Althongh  the  Htmttua  mtrmm  is  caused  by  the  mdecnlar  Tibrations  of  the 
nerre  particles,  and  takes  its  note  from  them,  yet  I  belieTe  it  to  be  influenced  by 
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The  tinnitus  is  altogether  independent  of  muscular  or  vo- 
luntary action  of  any  kind,  and  is,  I  believe,  a  sign  of  the  rate 
at  which  nervous  action  takes  place  in  the  brain. 

The  sound  of  the  muscular  susurrus,  when  fully  heard, 
is  ridiculously  like  the  sound  of  the  cab  wheels  of  London 
heard  in  the  silence  of  the  night,  when  the  absence  of  tho- 
roughfare  in  the  streets  enables  the  cabmen  to  drive  fats.  I 
have  measured  the  intervals  of  the  Guernsey  granite  pave-  ^ 
ment,  and  found  them  to  be  about  four  inches,  making  there- 
fore three  impulses  in  a  foot  traversed  by  the  cab  wheels.  If 
the  cabs  be  supposed  to  drive  eight  miles  an  hour,  the  number 
of  impulses  per  second  will  be 

C280X  3x8 
3600  •^•^ 

Considering  that  the  standard  DDD  of  the  susurrus  is  thirty- 
six  vibrations  per  second,  its  resemblance  to  the  sound  of  cab 
wheels  ceases  to  be  a  matter  of  surprise. 

In  order  to  determine  the  sound  of  the  susurrus  precisely, 
I  procured  a  long  wooden  tube,  3  inches  by  2^  inches  inside, 
like  an  organ  pipe,  fitted  with  a  moveable  piston,  so  that  on 
applying  it  to  an  acoustical  bellows,  on  moving*  the  piston 
in  or  out,  I  could  produce  any  note  I  pleased  in  the  neigh- 
bourhood of  CCC.  This  pipe  is  tuned,  by  means  of  the  piston, 
to  the  susurrus  of  any  observer,  and  then  played  in  conjunc- 

the  monance  of  the  akoll  which  contains  the  brain.  The  following  observa- 
tion throws  light  on  this  subject.  On  the  26th  Augnst,  1863,  I  receiyed  a  vi- 
olent bbw  from  a  racket  ball  in  the  back  of  the  head,  which  partially  stunned 
me ;  and  I  was  conscious  at  the  instant  of  receiving  the  blow  of  a  loud  singing 
sound  in  both  ears,  which  I  attributed  to  the  vibration  of  the  brain  case,  trans- 
mitted to  the  cochlcs  aurium.  This  ringing  sound  seemed  to  mc  to  have  the 
same  pitch  as  the  singing  that  occasionally  occurs  in  my  ears. 

*  The  piston  is  moved  in  the  acoustical  tube  by  means  of  an  endless  chain 
movement,  made  for  me  by  Mr.  Spencer,  of  Aungicr-strect. 

c2 
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iiaii  with  tbe  ftandsrd  CCC,  and  thebetlB  ooanted  if  it  be  not 
in  ani«an« 

Let  m  denote  the  number  of  TibrmtionB  per  second  in  the 
standard  pipe,  n  the  corresponding  number  in  the  tuned  su- 
surrus  pipe,  or  vice  ver$df  so  that  m  shall  be  greater  than  n, 
and  let  A  be  the  number  of  beats  per  second  counted  on  play- 
ing the  two  pipes  together ;  then  it  is  easily  shown  that 

kmrn—n.  (6) 

As  examples  of  this  principle  I  take  the  following  observa- 
tions: — 

Dr.  William  Stokes,  Regius  Professor  of  Physic  in  the 
University  of  Dublin,  kindly  aided  me  in  my  investigations 
upon  one  occasion,  by  tuning  the  wooden  pipe  to  the  susurrus 
observed  in  himself^  leaning  both  his  elbows  on  a  table,  with 
the  muscles  of  the  fore-arm  contracted,  and  making  the  sound 
of  the  pipe  coincide  with  the  susurrus  when  heard  by  both 
ears  together. 

On  comparing  the  note  he  fixed  on,  with  the  standard  CCC, 
it  was  found  to  be  higher  than  it  to  such  an  extent  as  to  pro 
duce  $o  beats  in  15  seconds. 

Hence, 

and,  finally, 

m-  35^  vibrations  per  second. 

.  This  is  DDD  natural,  a  little  flat,  for  DDD  corresponds  to 
thirty-six  vibrations  in  the  second. 

In  July,  1863,  Professor  Czermak,  of  Prague,  assisted  me 
at  an  acoustical  experiment,  and  found  his  susurrus  to  corre- 
spond with  a  position  of  the  moveable  piston  below  CCC,  such 
as  to  give  40  beats  in  20  seconds. 
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Hencci 

showing  that  the  pitch  of  his  muscular  susurius  coxiesponded - 
to  30  vibrations  per  second. 

The  preceding  investigation  of  the  precise  sound  of  the 
muscular  susumis  was  published  bj  me  in  1 863,  having  formed 
part  of  a  thesis  for  a  medical  degree  in  the  University  of 
Dublin  in  1862;  and  shortly  after  its  publication,  Dr.  Col- 
longues,  of  Paris,  forwarded  to  me  a  copy  of  a  work  published 
by  him  in  1862  (''Traits  de  Dynamoscopie,"8vo,  Paris,  1862), 
in  which  he  had  solved  the  same  problem,  and  found  an  iden* 
tical  result  from  his  acoustical  experiments.    Dr.  CoUongues 
attempted  to  determine  the  pitch  of  the  susurrus,  with  com- 
plete success,  by  means  of  a  tuning  fork,  With  sliding  weights, 
which  was  put  into  unison  with  the  susurrus,  and  then  com- 
pared carefiilly  with  a  standard  tuning  fork,  whose  time  of 
vibration  was  determined  graphically  by  the  aid  of  a  black- 
ened revolving  cylinder,  which  was  marked  with  a  zigzag 
line  by  a  pin  attached  to  one  arm  of  the  vibrating  fork.    The 
note  fixed  on  by  Dr.  CoUongues  was  Re,u  or  72  vibrations 
per  second,  reckoned  in  the  French  fashion  by  half  vibrations, 
and  corresponding  to  36  vibrations  per  second  of  English 
acousticians.     I  readily  accord  to  Dr.  CoUongues  the  pri- 
ority of  pubUcation  of  the  exact  determination  of  the  pitch  of 
Wollaston's  susi;rrus,  and  beUeve  it  to  be  a  matter  of  some 
interest  to  science  that  two  independent  observers,  by  different 
methods,  one  in  Paris,  and  the  other  in  Dublin,  succeeded  in 
arriving  at  a  precise  and  almost  identical  value  for  this  im- 
portant physiological  constant. 

Dr.  CoUongues  believes  that  the  susurrus  is  caused  by  the 
nerves,  and  not  by  the  muscles,  and  the  greater  part  of  his 
valuable  book  is  taken  up  with  an  account  of  the  variations  of 
the  susurrus  inhealth  and  in  disease.  With  this  part  of  his  inves- 
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tigadoiis  we  hftre  here  no  conceriL  is  we  ire  ool j  inurrested. 
at  present,  in  the  nte  rfmnscokr  actkm  inificated  br  the 
sasomis.  Dr.  CoDongues'  toning  fork,  which  is  nude  by 
VL  Kcaigf  of  Paris,  nnder  the  name  of  the  Biometer,  is  anin- 
sttTiment  more  portable  than  my  organ  pipes,  and  in  odier  re- 
spects also  better  suited  (otr  the  inrestigatioii  rfTariations  in 
the  snsnmis ;  for  this  reason  I  hare  ct^ed  in  the  note*  his 
description  of  the  instnunent. 


*  Le  BioiteB  eit  an  imti— wt  ^meout^vtwpfbqmi 
intmkWM^^^dt^OmklHwkmatiknpniaiit  par  FniMaB  H  i  vqIimK  In 

A  eet  cfliBt,  le  KontoB  Cnl  cniaidre  dea  mm  de  Mfaeole  bsatav,  let 
tisdiiit  CD  notes  ci  en  nonilm  de  Tibntionei  ee  <pii  |wiiMt  le  cuanMieieoa  da 
npport  dee  intefrallee  (pd  ezielcnt  dee  deoz  edUs  da  eorpa,  eoii  daae  V4tat 
oflTBud,  eoitdaiieFtotaaoniiaI,etd'cKpriflMrcodiifi«eleedifilfeentadesr<ide 
eealtf  aide  meladie* 

L'lneCiitiiiaDt  ae  compoae  d'on  menche,  ^un  diipetnn  aTee  conevr  et  dVm 
djiiaiiioeeopeu 

Le  manche  cat  en  caontdumc :  il  eomprendnnepoignde,nne  overture  etane 
ezWinit^  (tigitala.  La  poignfee  ieole  le  brail  de  la  main  qni  eapporte  I'lnatni- 
ment,  rouTertore  permet  nntrodnctiande  la  tige  da  diapaeon  ,et  reztrteittf  di- 
gitale  re^oit  le  djnamoeoope. 

Le  diapaeon  eet  fonn^  de  deux  branches,  longnee  de  30  oentimitres ;  ear 
chacune  de  cee  branchee  ^iese  an  corsear  qui  peat  adherer  ear  toas  lee  points 
de  sa  ooune,  h  Taide  d*ane  Tie  de  preosion.  Chaqae  branche  eomprend  halt 
dirisione  annotte  de  oette  ia^on. 

Notf  €t  gamm$  du  Biomitrey  JU-t,    Mi.t,  Fa.%,   SoLt,  La.^  5i-s,  Do.i,  £e.i. 

Nomhn  ab$olu  de  mhratiom^  36, 
Intenrallee  de  Mej%  k  J2#.|,  i, 
Interralles  de  i2«.i  k  J^^.s,  2, 
Intenralle  des  notes,  i^* 

L'acoustiquo  a  rocherch^  quelle  relation  exute  ontre  le  nombre  do  vibrations 
do  deux  notes  lonqu'ellos  produisent  tol  ou  tol  accord. 

L'accord  ontro  doux  notes  peat  dtre  exprim^  par  le  rapport  dc  deux  nombrcs 
do  vibrations,  et,  si  le  rapport  est  6gal  k  Tunit^,  les  doux  notes  sont  k  I'unisson. 

Accord  par/ait  dclaffommedu  BiomHre :  Re.%^  Fa.jf  la.21  Re-u  intervalle  des 
vibrations  on  montont  1,    |,     |,    2. 
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TTie  muscular  susurrus  varies  in  different  pewons  from 
30  to  36  vibrations  per  secondi  but  in  partially  paralytic 
affections  of  the  limbs  it  is  always  reduced  in  pitch.  The  fol* 
lowing  remarkable  cases  illustrative  of  this  fact  have  come 
under  my  observation : — 

On  the  22nd  May,  1863,  I  saw,  in  conjunction  wiib.  Dr. 
Stokes,  a  gentleman  engaged  in  the  tobacco  manufacture,  in 
good  health,  but  affected  with  paralysis  agitans  of  both  arms, 
probably  produced  by  tobacco,  but  attributed  by  him  to  a 
slight  injury  of  the  left  hand,  by  which  he  lost  the  nail  of  the 
thumb  about  three  years  previously,  at  which  time,  according 
to  his  account,  the  trembling  motion  of  the  hands  and  arms 
first  appeared.  We  examined  the  muscles  of  the  forearm  and 
ann  of  both  sides  with  a  stethoscope,  and  found  a  ''paddle 
wheel"  susurrus  in  all  the  muscles,  especially  those  of  the 
forearm.  Both  Dr.  Stokes  and  myself  compared  the  sound  of 
the  susurrus  estimated  by  the  stethoscope  with  that  of  a 

St-if  La.%,  ^-ii  Re.2' 
Inienrane  des  Tibrations  en  desoendant : 

I,        f       f        »• 
Limits  det  mmt  per  f  us  par  Fautculiaiion  des  doigis  : 

Limitedc0  sodb  grayei:  Xa-n  27  vibrationB.     Limito  dessonB  aigus:  J2^.i, 
144  Tibtationa. 

Manusl  op^atoirs.  On  fait  entrer  la  tige  du  Biom^tre  dana  rouTorture  pra- 
tiqii£e  dana  le  manche.  Le  dynamosoope  est  appliqutf  k  son  extr^mit^  digitale, 
des  deux  branchea  da  diapason  sont  toom^  yers  la  terre.  On  les  met  en  vibra- 
tion  en  lea  rapprocbant  bmsqaement.  Aprds  avoir  saUi  la  poignde  du  manobe, 
on  d^trnit  les  sons  bannoniques  en  toacbant  Idgdrement  les  deux  brancbos  du 
diapason  i  leur  extrtfmit^  ferm^e.  On  applique  le  dynamoscppe  dans  roreille, 
on  oompare  le  son  du  Biom^tre  i  oelui  prodnit  par  Tun  des  indicateurs,  et  si  on 
ne  les  trouye  pas  semblables,  on  abaisse  ou  on  ^^ye  les  deux  ourseurs  Jusqu'^  co 
que  les  deuz  sons  produisent  Tuniason.  Alors,  gr&ce  ik  cette  loi  do  physique 
que  dcnx  sons  do  mSme  bauteur  ont  toujours  lo  mdmo  nombro  do  vibrations,  on 
traduit  en  nombre  lo  bourdonnoment  vital.  On  renouvello  Texp^rience  pour 
Viadicateur  do  I'autre  main,  ct,  aprds  avoir  obtenu  sa  valour  num^rique,  on  com- 
pare les  deux  cbiffires  ou  les  deux  notes,  et  Tun  conetatc  I'^galitd  ou  la  dif 
'erencc. 
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tuning  fork  properly  weighted^  and  considered  the  number  of 
vibrations  to  amount  to  only  6  per  second,  which  is  lower 
than  two  octaves  below  the  normal  CCC. 

A  friend  of  mine,  aged  forty-five  years,  who  was  a  seven 
months*  child,  prematurely  bom  while  his  mother  was  dan- 
gerously ill  of  typhus  fever,  has  had  slight  congenital  paralysis 
agitans  of  the  right  arm,  forearm,  and  hand,  all  through  his 
life ;  this  gentleman  was  carefully  examined  by  me  in  August, 
1863,  ^^^  ^®  result  that  his  muscular  susurrus  in  the  arm 
affected  had  only  the  pitch  of  4  beats  per  second,  although 
the  susurrus  of  the  other  arm  is  of  the  usual  note. 

I  have  also  ascertained,  by  over-fatiguing  the  forearm  by 
racket  playing,  that  the  pitch  of  the  muscular  susurrus  is 
lowered,  and  that  a  sensible  paralysis  agitans  of  a  temporary 
character  is  set  up  by  the  over-exertion. 

I  have  not  been  able  to  verify  the  continuance  of  the 
susurrus  after  death,  except  in  cases  of  tetanus,  nor  have  I 
succeeded  in  observing  k  in  amputated  limbs ;  but  I  have  no 
doubt,  from  the  published  results  of  Dr.  CoUongues'  careful 
observations,  that  my  failure  is  simply  the  result  of  a  deficiency 
in  my  own  powers  of  observation,  and  that  the  susurrus  may 
continue  audible  to  more  delicately  organized  ears  than  my 
own,  long  after  death  or  amputation. 

3.  Ob  the  Stalloal  IKTork  done  1^  MiuoIm  in  oontfaiiiod 
CoBtraotioB. — Muscles  may  be  employed  either  in  continuous 
statical  work  resisting  pressure,  or  in  dynamical  work,  lifting 
weights  with  intervals  of  repose.  The  work  done  by  muscles 
in  the  latter  case  is  easily  measured  by  measuring  the  ex- 
ternal resistances  overcome  ;  while  in  the  estimation  of  stati- 
cal work,  there  is  much  difficulty  in  obtaining  numerical 
estimates  of  the  work  actually  done  :  at  the  same  time  there 
is  no  doubt  as  to  the  reality  of  the  work,  for  the  muscles 
become  rapidly  fatigued  when  employed  in  doing  statical 
work. 
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If  both  arms  be  extended  horizontally,  with  the  palm 
upward,  either  unloaded  or  loaded  with  equal  weights  in 
both  handsy  after  a  short  time,  much  fatigue  is  experienced 
and  the  experimenter  finds  himself  compelled  to  terminate 
the  experiment — as  the  feeling  of  fatigue  passes  rapidly  into 
pain,  chiefly  felt  in  the  iupraspinatw  and  central  deltoid  mus- 
cles. It  is  necessary  to  keep  the  arms  quite  horizontal,  for 
if  they  be  held  either  above  or  below  the  horizontal  line 
the  distressed  muscles  are  aided  by  the  action  of  otiier 
muscles. 

The  total  work  done  in  this  case  may  be  estimated  as 
follows;  let 

w  =  weight  held  in  hand  ; 

a  =  weight  of  arm ; 

a  e  length  of  arm,  measured  from  centre  of  glenoid  ca- 
vity to  centre  of  weight ; 

(  =  total  time  in  seconds,  until  fatigue  stops  the  experi- 
ment. 

The  muscles  exert  a  force  capable  of  sustaining  the  weight 
of  the  loaded  arm  at  its  centre  of  gravity,  and  if  we  suppose, 
this  weight  to  be  moved  (with  an  unknown  angular  velocity) 
uniformly,  the  total  work  done  is  measured  by  the  weight  of 
the  loaded  arm  multiplied  into  the  arc  through  which  the  arm 
would  move  in  the  time  during  which  the  experiment  lasts. 

Let 

X  ■>  distance  of  the  centre  of  gravity  from  the  centre  of 

the  glenoid  cavity ; 
0  -  the  angle  through  which  the  arm  would  move  in  the 

time  t; 
w  a  the  unknown  angular  velocity. 

The  total  work  done  is  represented  by 

(to  -¥  a)  x0  =  Total  work ; 
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but 


(to  +  a)  X  ^  a  (w  +  -\ 


0    B    (lit. 

Hence  we  iSnd 


(«'"i)'- 


Total  work  ■«ofw  +  -W.  (?) 


The  following  experiments  were  made  upon  the  unloaded 
arms: — 

No.  I. — Myself. 

a    =  22  inches.  to  m  o, 

o*  «  7.5  lbs.  t  m  420  sees. 

Total  work  in  ft.  lbs.  «  2887.;  to. 

No.  2.— Dr.  A.  W.  Foot. 

a  "  24  inches.  ti7  a  o. 

a  B    7  lbs.  t  =  480  sees. 

Total  work  in  ft.  lbs.  =  3360  m. 

No.  2'^^Captain  John  Haughton^  R.A, 

a  »  22  inches.  tc  »  o. 

a  »    5  lbs.  14  oz.  ^  «=  720  sees. 

Total  work  in  ft.  lbs.  «  3877.5  cu. 

No.  4. — Mr.  M.  jET.  Onmhy. 

a  "•  24  inches.  tr  ^  o. 

a  a»    6.5  lbs.  ^  =  390  sees. 

Total  work  in  ft.  lbs.  =  2535  cu. 

*  The  approximate  weight  of  the  arm  may  be  found  by  weighing  it  in  a 
balance,  whose  scale  is  on  a  lercl  with  the  centre  of  the  glenoid  cavity,  and 
treating  it  as  a  Icrcr,  so  that  the  weight  of  the  arm  shall  bo  to  the  weight  that 
supports  any  point  of  the  arm  inversely  as  the  distances  of  the  centre  of  gravity 
and  of  that  ooint  from  the  centre  of  the  glenoid  cavity. 
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No.  5. — Mr.  Samuel  Houghton* 

a  »  22  inches.  to  «  o. 

a  a    8.5  lbs.  t  m  52$  sees. 

Total  work  in  ft.  lbs.  •  4090.6  oi. 

If  we  collect  together  into  one  Table  the  preceding  re- 
sults, we  obtain  as  follows  : — 

Table  I. — Work  done  by  the  Shoulder  Muscka  employed  in 
holding  the  unloaded  Arms  in  the  horizontal  Position^  with 
Palme  upward : — 


. 

Age. 

Weight. 

Height 

1 

Woikdoneu 

Tizaeof  Bz- 

No.  I. 
Na2. 
No.  3. 
Na4. 
No.  5. 

4178. 

25  ., 
30  „ 

24  ff 
"7  » 

126  lbs. 
121    „ 
120   „ 

144    M 
12^    » 

67^  inches. 
70      „ 
65^    » 

^  :: 

2887.5  M. 
3360.0  „ 

3877.5  w 

2535.0  u 

4090.6  „ 

420  sees. 
480    „ 
720    „ 
390    „ 
525    » 

Means,    .    .       3360-12  w. 

607  8ec8. 

The  following  experiments  were  then  made  on  the  same 
persons,  holding  the  arms  horizontally,  as  before,  with  two 
pounds  weight  in  each  hand,  with  the  following  results.  The 
times  of  exhaustion  were  found  to  be  as  follows  : — 


1.  Myself, 

2.  Dr.  Foot, 

3.  Captain  Haughton,    .     . 

4.  Mr.  Ormsby,   .     .     .     . 

5.  Mr.  Samuel  Haughton,  . 


2CO  sees. 
210     „ 

180     „ 
240     „ 


Using  these  numbers  in  equation  (7),  and  substituting 
2  lbs.  for  IT,  and  half  the  weight  of  the  arm  for  a,  wc  obtain— 
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Table  II. —  fVork  done  by  the  Shoulder  Muscles  employed  in 
holding  the  loaded  Arms  in  the  horizontal  Position^  with  the 
Palms  upwards. 


Time  of  Bz- 
haustion. 

Work  donA. 

No.  I. 
No.  2. 
No.  3. 
No.  4. 
No.  5. 

200  sees. 
210    „ 

300    ,f 
180    „ 

240    » 

2108.3  M. 
2310.0  „ 

2715.^  » 
1890.0  „ 

2750- 0  „ 

Means,      226  sees. 

9364*78  M. 

I  was  led  by  several  considerations  to  the  conclusion,  that 
it  was  probable  that  the  total  work  done  in  exhausting 
muscles  varies  inversely  as  the  rate  of  doing  the  work  ;  from 
which  it  would  follow  that  the  square  of  the  total  work  varies 
as  the  time  of  doing  the  work;  this  would  give  us  the 
relation 


(Total  work)»     ^      ^    ^ 

^^ — ff; =  Constant. 

lime 


(8) 


Calculating  this  constant  from  Tables  I.  and  II.,  I  found 
the  following  results  : — 

Product  of  Toijal  Work  and  Bate  of  Work. 


First  set 

of  Ex- 

perimenta. 

No.  I. 

19852 

Na2. 

23520 

No.  3. 

20882 

No.  4. 

16J78 
31873 

No.  S- 

Second  set 

of  Ez- 

Ratio. 

perimenta. 

22224 

I.  12 

25410 

1.08 

24581 

I. 17 

19845 

I   20 

31510 

0.99 
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From  these  results  I  obtained  my  Grst  conception  of  the 
Law  of  Fatigue^  which  I  shall  fully  develope  further  on,  with 
the  proofs  of  it,  derived  from  more  extensive  and  varied  ex- 
periments ;  and  I  shall  also  prove  that  the  coefficient  w  is 
equal  to  unity. 

The  Law  of  Fatigue  may  be  thus  stated : — 

When  the  same  muscle  {or  group  of  muscles)  is  kept  in  con- 
stamt  action  until  fatigue  sets  in^  the  total  work  done^  multiplied 
by  the  rate  ofwork^  is  constant. 

Thus,  if  7F  denote  the  total  work  done,  and  JT  denote  the 
time  of  doing  it,  the  rate  of  work  will  be  eicpressed  by  JF 
divided  by  T,  and 

Total  Work  x  Bate  of  Work  =  IT  x  ■^. 

If  this  product  be  constant,  we  see  that  the  work  ana 
rate  of  work  may  be  represented  by  the  coordinates  of  an 
hyperbola  referred  to  its  asymptotes  as  axes  of  coordinates ; 
while  the  relation  of  the  total  work  to  the  time  of  doing  it, 
may  be  represented,  as  in  equation  (8),  by  the  coordinates  of 
a  parabola  referred  to  a  tangent  and  diameter  as  axes  of 
coordinates. 

As  an  illustration,  let  us  suppose  that  a  man  walking  at 
the  usual  rate  does  not  become  tired  until  he  has  walked 
30  miles.  On  another  occasion,  let  him  walk  twice  as  fast, 
then  (neglecting  the  difference  of  action  necessitated  by  the 
different  rates  of  walking)  we  should  expect,  by  the  Law  of 
Fatigue,  that  the  man  will  be  completely  fatigued  at  the  end 
of  15  miles,  having  done  only  half  the  total  work,  in  a  quarter 
of  the  original  time.  If  the  man  walk  three  times  as  fast,  he 
will  become  tired  out  at  the  end  of  1  o  miles,  in  one-ninth  part 
of  the  original  time ;  and  so  on,  the  total  work  done  always 
varying  as  the  square  root  of  the  time  necessary  to  produce 
fatigue. 
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In  order  to  iSnd  the  quantity  of  muscle  that  gives  out  the 
preceding  quantity  of  work,  it  would  be  necessary  to  know 
the  weights  of  the  living  muscles  in  each  of  the  persons  ob- 
served; but,  as  this,  except  in  rare  cases,  is  impossible,  we 
must  endeavour  to  obtain  the  result,  indirectly,  by  observa- 
tion of  the  muscles  in  the  dead  subject.  With  this  object  in 
view,  I  carefully  dissected  the  muscles  in  four  dead  bodies, 
selecting  those  only  that  were  well  developed,  and  had  not 
experienced  much  wasting  of  muscular  tissue  during  their 
last  iUness.  From  these  dissections,  I  obtained  the  following 
results  :— 

Table  III.— Weights  of  Muscles. 


Soprupinto..       ^^^JS!^ 

Deltoid. 

As  Female, 
R  Male, 

C.  Male, 

D.  Male, 

I.OI  OS.  aT. 
1.76      „ 
2.18      „ 

1.75      .1 

1.82  OS.  av. 
2.98      „ 

3-99      »> 
a-53      .. 

7.10  OS.  aT. 
10.16       „ 

"•97       ti 
10.25       „ 

Means,     IVTB  os. 

9-83O0S. 

1012  OS. 

The  only  difficulty  in  these  observations  consists  in  estimat- 
ing the  portion  of  the  deltoid  actually  employed  in  holding 
the  arm  horizontal ;  this  was  done  by  holding  the  arm  in  that 
position  while  dissecting  the  deltoid,  and  estimating  as  well 
as  I  could  the  fibres  actually  in  action.  It  will  be  seen  that 
my  estimate  varies  somewhat  in  the  different  cases,  as  fol- 
lows:— 

In  A«  the  portion  of  Deltoid  was  -^Voth  of  the  whole. 

ft    B,  It  ft  5^41"^ 


t>  c, 

t,  ». 


»» 


tt 


»» 


tt 


ith 


5-95' 

-Lth 


91 


It 


tt 


Mean, 


j:|^th  of  the  whole. 
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The  portion  of  the  deltoid  employed,  as  found  firom  the 
means,  is  ^^th  of  the  whole;  so  that,  combining  all  the 
foregoing  results  together,  it  is  very  probable  that  the  weight 
of  deltoid  used  in  holding  the  arm  horizontal  is  ^ths  of  the 
whole  weight  of  the  muscle. 

If  the  muscle  be  divided  into  a  clavicular,  an  acromial, 
and  a  scapular  portion,  the  portion  used  in  holding  the  arm 
horizontal  is  very  nearly  fths  of  that  taking  origin  from  the 
whole  tip  and  line  of  the  acromion ;  but  for  the  purpose  of 
future  experiments  it  may  be  found  easier  to  weigh  the  whole 
muscle,  and  take  ^^ths  of  that  weight,  than  to  separate  it  into 
its  parts  by  direct  dissection.  The  mean  weight  of  the  por- 
tion of  the  deltoid  engaged  in  holding  the  arm  in  the  hori- 
zontal position  has  been  found  to  be  2.83  oz.  av. ;  and  to 
this  must  be  added  the  mean  weight  of  the  supraspituUtMf 
which  may  be  found  as  follows : — 

Table  IV. — Weight  of  Supraspincdtu  Muscle. 


A.  Female, 

B.  Male, 

C.  Male, 

D.  Male, 
&        Male, 
P.K.   Male, 

I.OI  oz.  aT. 
1.76      „ 
a.  18      „ 

'75      f> 

0-93      ff 
2.40      „ 

Mean,  • 

1*671  OB.  aT. 

This  result  is  almost  identical  with  that  found  in  Table  III., 
from  four  well-developed  dead  subjects.  This  result  of  Table 
IV.  is  interesting  from  the  fact  that  it  contains  the  actual 
weight  of  the  eupraspinattUf  observed  40  minutes  after  death, 
in  a  criminal  (P.  E.)  executed,  by  hanging,  for  murder.  As  I 
shall  have  occasion  to  refer  to  this  case  for  other  purposes,  I 
here  give  the  data,  as  observed  by  myself: — 
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P.  E.  was  executed  on  the  20th  of  July,    1865,   for 
murder : — 

1.  Weight  In  clothes,  160  lbs. 

2.  Length  of  drop,  14  feet  6  inches. 

3.  Height  during  life,  69}  inches. 

4.  Height  after  death,  71  inches. 

5.  From  tip  of  acromion  to  metacarpo-phalangeal  articu- 
lation, 28  inches. 

6.  From  olecranon  to  metacarpo-phalangeal  articulation, 
15  inches. 

7.  Weight  of  wi.  biceps  humeriy  5.9  oz.  av. 

8.  „        m.  supraapinatus^  2.4     „ 

9.  „         m.  rectus  femoriSf  9.2     „ 
10.  „         brain,  53.3  oz.  av.* 

Combining  together  the  results  of  Tables  HI.  and  IV.,  we 
have : — 

1.  Average  weight  o£ supraapinatits,  1.67  oz.  av. 

2.  Average  weight  of  portion  otdel- 

toid  employed  in  holding  the 

arm  in  the  horizontal  position,  2.83      „ 


Total  Weight,       4.50  oz.  av. 


Hence,  assuming  the  coefficient  oi,  to  be  equal  to  unity, 
we  find,  from  Tables  I.  and  II. : — 

Work  done  by  Shoulder  Mus-' 
cles  employed  in  holding  i   ^   3350. 12  ^       gg  £^  y6s 
the  unloaded  Arms  horizon-  j       507  x  4.5 
tally,  per  ounce,  per  second,  J 

*  WMle  these  pages  were  passing  through  the  press,  I  had  an  opportunity  of 
weighing  the  hrain  of  a  distinguished  mathematician,  and  found  it  to  be  47  os. 
I  leave  the  deduction  of  suitable  inferences  to  phrenologists. 
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Work  done  by  Shoulder  Mus-"\ 
cles,    holding   the     loaded  I  2354. 8  ^ 

Arms      horizontally,       per  j  ~  226  x  4.5  "    '3  5     • 
ounce,  per  second.               J 

Having  thus  found  the  work  done  by  the  muscles  of  the 
shoulder,  I  proceeded  to  check  the  result  by  observations  made 
on  the  muscles  of  other  parts  of  the  body  ;  and  after  trying 
many  experiments  on  other  muscles,  such  as  the  pronators  of 
the  forearm,  and  the  openers  of  the  jaw,  &c ,  I  finally  se- 
lected as  the  most  reliable  the  following  experiments  made 
on  the  flexors  that  hold  the  forearm  in  the  horizontal  position 

If  the  forearm  be  held,  with  the  palm  of  the  hand  up- 
wards, in  the  horizontal  position,  it  is  allowed  by  all  authors 
on  Animal  Mechanics,  that  it  is  kept  in  that  position  by  the  ac- 
tion of  the  biceps  humeri,  and  of  the  brachiceas  or  brachialis  anti" 
eiu;  to  these  muscles  must  be  added  the  mpinator  radii  longus^ 
which  in  the  horizontal  supine  position  of  the  forearm  acts  as 
^flexor  cubUij  and  has  a  resultant  that  passes  above  the  axis 
of  the  elbow  joint. 

On  holding  a  weight  suspended  from  the  wrist,  with 
the  forearm  in  the  position  described,  it  is  found  that  the 
feeling  of  fatigue  commences  on  the  outer  side  of  the  lower 
half  of  the  arm,  with  the  supinator^  then  extends  to  the  biceps 
humertj  and  finally  reaches  the  brachicsus,  when  the  experi- 
menter is  forced  to  yield  to  the  insupportable  feeling  of  fa- 
tigue, and  to  confess  that  he  can  hold  out  no  longer. 

In  the  following  experiments,  I  have  made  use  of  the  same 
persons  who  so  kindly  aided  me  in  the  experiments  on  the 
muscles  of  the  shoulder. 

The  total  work  done  is  expressed,  as  before,  by  the 
equation 

Total  work  =  ut  {w  -^  a)  xi,  (9) 

D 
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where 

w  »  cocfHcient  of  angular  rotation. 

IT  «  weight. 

a  -  weight  of  forearm. 

X  e  distance  of  centre  of  gravity  of  loaded  forearm  from 

centre  of  elbow  joint. 
i  »  time  in  seconds,  until  fatigue  sets  in. 

No.  I  ^— Myself, 

X  e  8.2  in.  tr  a  8  lbs. 

a  -  3. 75  lbs.  t  m  480  sees. 

Total  work  in  ft.  lbs.  «  3854  oi. 

No.  2. — Dr.  Foot, 

;r  a  8.2  in.  -ir  «  8  lbs. 

a  »  3.5  lbs.  t  -  360  sees. 

Total  work  in  ft.  lbs.  »  2829  to. 

No.  3. — Captain  HaughUm. 

X  B  8.38  in.  K'  =  9  lbs. 

a  ■  2^94  lbs.  t  B  720  sees. 

Total  work  in  ft.  lbs.  »  6003.3  *^' 

No.  4. — Mr.  M,  H,  Ormsby. 

X  =»  8.27  in.  w  a  9  lbs. 

a  «  3.25  lbs.  t  «  555  sees. 

Total  work  in  ft.  lbs.  «  4685.4  oi. 

*  In  all  theaa  experiments,  the  yreight  wa«  suspended  at  a  distance  of  9  inohes 
from  the  centre  of  the  elbow  joint 
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No.  5. — Mr.  Samuel  Haughion, 

X  -  8.2  in  fT  -  9  lbs. 

a  =  4.25  lbs.  ^  «  780  sees. 

Total  work  in  ft.  lbs.  »  7062. 1  a>. 

Combining  together  the  previous  results  into  one  Table, 
we  obtain — 


Table  V. —  Work  done  by  the  Biceps  humeri,  Brachissus 
(Brachialis  anticus),  and  Supinator  radii  longus,  employed 
in  holding  the  loaded  Forearm  horizontal^  with  the  PcUm 
upttard  :• — 


Time  of  Ez- 
luuution. 

dona. 

No.  I. 
Ko.  2. 
Ko.  3. 
No.  4. 
No.  5. 

480  »ecs. 

360    „ 

720    » 

555    „ 
780    ., 

3854  o«. 
282.90  „ 

6003.3  ,. 

4685.4  .» 
7062.1  ^ 

Means,  *    579  nfiCB. 

4886-76  w. 

These  experiments  differ  so  much  from  those  made  on 
the  shoulder,  both  as  to  rate  of  work  and  amount  of  muscles 
employed,  that  they  are  not  directly  comparable  with  them  ; 
still  it  may  be  useful  t6  deduce  from  them  a  coefficient  of 
work  per  ounce  per  second. 

This  coefficient,  as  well  as  those  already  given  for  the 
shoulder  muscles,  is  not  constant,  but  varies  with  the  rate  of 
work. 

The  weight  of  the  muscles  employed  in  gi\  ing  out  this 
quantity  of  work,  previous  to  their  exhaustion  by  fatigue,  is 
estimated,  as  before,  by  observations  on  the  dead  subject,  and 

d2 
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in  making  this  estimate,  we  have  no  difficulty,  as  before, 
in  finding  the  portions  of  muscles  employed,  for  they  are 
perfectly  well  defined ;  at  the  same  time,  it  may  be  considered 
that  the  muscles  now  under  investigation  are  not  in  them- 
selves so  well  adapted  as  the  muscles  of  the  shoulder,  to  give 
an  average  result,  as  they  differ  more  widely  in  one  man  as 
compared  with  another,  than  the  shoulder  muscles  are  found 
to  do.  This  difference  is  caused  by  the  more  varied  uses  of 
the  forearm,  and  of  the  muscles  actuating  it,  than  of  the 
muscles  of  the  shoulder  that  hold  the  entire  arm  horizontal. 

The  results  obtained  by  me  from  well-selected  subjects  are 
contained  in  the  following  Table : — 

I  ABLE  VI. —  Weights  of  Muscles  employed  in  holding  the  Fore 
arm  horizontal^  with  the  Palm  upwards  : — 


Biceps. 

Bnchlsua. 

Supinator  radii 
kmgtu. 

A.  Female, 

B.  Male, 

C.  Male, 

D.  Male, 

E.  Male, 
P.  K.  Male, 

a.30  02.  av. 

39"       ff 
3»4      ,» 
4.00      „ 

'•93       .» 
590       »t 

a.74  o<*  ^^' 
4.01       „ 

4.30       „ 
1.66       „ 

0.75  OX.  av. 

1.40     „ 
2.30    » 

Means,      3.64}  oi.  ay. 

3.l7f  02.  ay. 

L48^  02.  av. 

Hence  we  find  that  the  average  total  weight  of  the  muscles 
employed  in  holding  the  forearm  horizontal  is  8.2075  oz.  av. 

From  the  preceding  result  as  to  the  average  weight  of  the 
muscles  acting  on  the  forearm,  combined  with  Table  V.,  and 
assuming  a>  to  be  equal  to  unity,  we  find — 


Work    done    by    muscles" 
holding  the  loaded  Fore- 
arm    horizontally,     per 
ounce,  per  second, 


4886.76 
579  X  8.2075 


1.028  ft.  lbs. 
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My  first  attempt  to  calculate  a  formula  to  represent  the 
Xaio  ofFatigu€j  in  the  case  of  the  arms  extended  horizontally, 
was  based  upon  the  periodicity  of  muscular  action,  as  proved 
by  the  muscular  mBurrm^  explained  in  the  preceding  section, 
and  may  be  thus  stated : — 

£ach  portion  of  the  muscle  contracts,  relaxes,  and  goes 
through  all  its  changes  thirty-two  times  in  each  second,  and 
does  so  in  succession,  so  as  to  keep  the  ends  of  the  fingers 
steady  ;  but  the  amount  of  work  given  out  by  the  whole 
muscle  is  evidently  the  same  as  if  all  the  particles  went  through 
their  changes  simultaneously,  and  not  in  succession. 

If  the  whole  muscle  acted  simultaneously,  the  arm  would 
fall  like  a  compound  pendulum  during  the  ^^^d  part  of  a 
second,  and  then  be  raised  to  its  original  level  by  the  renewed 
contraction  of  tlie  muscle.  It  may  be  shown,  us  follows,  that 
in  this  case  the  arc  through  which  the  arm  falls  is  that  which 
would  correspond  to  the  centre  bf  oscillation  falling  freely 
for  5^nd  of  a  second. 

For,  if  W  denote  the  weight  of  the  arm,  x  the  distance  of 
its  centre  of  gravity  from  the  centre  of  the  glenoid  cavity,  w 
the  angular  velocity  acquired  after  falling  for  any  time,  and  / 
the  moment  of  inertia  of  the  whole  arm  ;  we  have,  by  D'Alem- 
bert*s  principle,  the  following  equation  : — 

/Aw«  Wxdt.  (lo)     , 

If  0  denote  the  angle  made  with  the  horizontal  line  at  any 
moment  by  the  arm,  and  k  denote  its  radius  of  gyration,  and 
I  the  length  of  the  equivalent  simple  pendulum  ;  we  have  at 
once  from  equation  (lo) — 

multiplying  both  sides  by  2—,  and  integrating,  we  obtain 


38  AKIHAL  MECHANICS. 


+  Const ; 


and  as  w  and  0  vanish  together,  we  have 
or 

(ai/)»  =  2ff  (W), 

or 

where  v  denotes  the  velocity  acquired  by  the  centre  of  oscil- 
lation in  traversing  a  small  arc,  such  as  would  be  described 
in  ^nd  part  of  a  second,  and  s  denotes  the  space  passed 
through  by  the  same  point. 

The  equ&tion  (12)  is  the  same  as  that  of  falling  bodies, 
and  therefore  for  small  arcs  and  times,  the  centre  of  oscilla- 
tion of  the  arm  falls  through  the  same  space  as  it  would  if 
the  arm  were  released  from  its  socket,  and  fell  freely  through 
space. 

Let  us  now  use  the  following  notation  : — 

/    «=  radius  of  oscillation ; 

X  -  distance  of  centre  of  gravity  from  centre  of  glenoid 

cavity ; 
da  =  small  space  through  which  the  centre  of  oscillation 

falls  in  5^nd  part  of  one  second  ; 
n  B  number  of  such  falls  during 
t  CB  whole  time  required  to  fatigue  the  muscles  ; 
a  s  weight  of  arm. 

The  total  work  done  by  the  muscles,  on  the  foregoing 
supposition,  in  the  time  ^  is  evidently 
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but  nSs  varies  as  t ;  therefore 

Total  Work  varies  aa  {to  +  a)  j  t; 
and  the  rate  of  work  varies  as 

(w  +  a)  ^ 

Now,  by  the  Law  of  Fatigue^  the  total  work  varies  in- 
versely as  the  rate  of  work,  and  hence  we  have 

(it  +  a)*  -jf  ^  =  Constant ; 

but,  supposing  the  arm  to  be  a  simple  uniform  cylinder,  we 
have 

z  _  3         (2w  +  a)* 
/      4  (tt7  +  a)  (3U7  +  a)' 

Squaring,  and  substituting  in  the  preceding  equation,  we 
obtain 


(2U7  •¥  ay  t 
l-iw  +  a\* 


{3^  +  ay 

or, 

A  (jw  -^  a)^ 

t  =  -—^ rj—.  (1 2a) 

{7.%D  +  a)*  ^       ' 

In  order  to  compare  this  formula  with  observation,  I 
made  use  of  Mr.  Stanley  Jevons'  experiments  published  in 
Nature  (30th  June,  1870),  using  the  following  constants, 
which  I  found  to  answer  best  : — 

4  A  =  22050,  . 

a    =  7.4  lbs. 

The  comparison  of  observation  and  theory  is  shown  in  the 
following  Table : — 
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Mr.  JevQfu^  experimenfa  {holding  tceighU  tcith  arm. 

horizontctl). 


m). 

(  (obterred). 

t  (calculated). 

Diffsrencs. 

14  lbs. 

7  „ 
4  •« 

31.5  leos. 

60.3  „ 

87.4  w 

U7.9    .f 
ai8.9    „ 

3»".»     H 

34. 2  Bees. 

5-.  7     11 

84-  8    „ 

14"  6    .* 

234  4    « 

305 -5    ». 

-    1.7  sec*. 

+    5.6     „ 
+    a.6     „ 
+    0.3     „ 
-«5-5     i> 

+  «5.7     M 

The  agreement  here  shown  between  observation  and 
theory  is  quite  satisfactory,  and  I  remained  quite  contented 
with  it,  until  I  came  to  plot  the  curve  (12a),  and  compare  it 
with  the  observations,  as  shown  in  the  accompanying  dia- 
gram (page  41). 

The  relation  between  t  and  w  represents  a  curve  of  the 
fifth  degree,  one  branch  of  which  is  shown  in  the  figure  ;  the 
other  'branch  being  hyperbolic  in  form,    corresponding    to 


a 


positive  values  of  /,  and  negative  values  of  tr  greater  than  -. 

Mr.  Jevons'  observations  are  shown  by  the  small  circles  cor- 
responding to  the  weights  used  by  him,  and  their  agreement 
with  the  curve  is  evident. 

Differentiating  equation  (12a)  we  6nd 


dt  {6w  ->-  a)  (yc  -^  a) 

dw  (jiw  +  a)* 


(126) 


The  preceding  equations  prove  that — 

i^.  The  values  of  t  are  positive,  whether  a  weight  be 
held  in  the  hand,  or  whether  the  hand  be  supported  by  a 
force  acting  upwards. 

2^.  The  axis  ofu^is  asymptotic  to  the  curve  at  positive 
and  negative  infinity. 
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3°.  The  line  2U7  +  a  »  o,  is  also  an  asymptpte  to  the 
curve. 

4^«  The  time  t  has  a  nuxximum  corresponding  to  the  value 
of  w  given  by  the  equation  6t(7  +  a  =  o. 

5°.  The  value  of  t  becomes  equal  to  zero,  and  the  curve 
is  a  tangent  to  the  axis  of  tr,  when  31^  -f  a  «  o. 

The  first  three  of  these  conditions  are  fulfilled  by  observa- 
tion, for — 

1^-2^*  The  time  of  holding  up  the  arm  roust  be  always 
positive,  and  must  become  zero,  when  the  weight  is  infinite. 

3^.  When  au'  +  a  »  o,  the  arm  is  supported  by  a  force 
equal  to  half  its  weight  applied  at  the  hand,  and  being  there- 
fore in  a  condition  of  statical  equilibrium,  can  be  held  up  for 
an  infinite  time. 

The  last  two  conditions,  however,  are  inconsistent  with 
observation,  for — 

4°.  The  value  of  U  for  all  positive  values  of  tr,  must 
increase  continuously  as  w  diminishes  to  zero ;  and  for  negative 
values  of  tr  can  have  no  maximum  but  infinity,  corresponding 
to  the  condition  for  statical  equilibrium,  2u;  +  a  »  o. 

5®.  The  value  of  t  can  never  be  zero,  except  when  w  is 
infinitely  great. 

From  the  preceding  investigation,  I  became  satisfied  that 
my  first  idea,  viz.,  that  the  arm  dropped  and  was  raised  again 
during  repeated  short  intervals,  was  erroneous,  and  that  a 
simpler  form  of  curve  would  represent  better  the  relation 
between  €  and  w.-  This  curve  I  afterwards  found  to  be  a 
cubical  hyperbola,  which  represents  the  observations  equally 
well,  and  is  free  from  all  the  preceding  objections. 

So  far  as  the  observations  themselves  are  concerned,  they 
can  be  represented  by  any  curve  of  an  hyperbolic  form,  and 
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our  difficulty  is  to  find  what  kind  of  curve  is  best.     Having 
found  that  a  curve  of  the  fifth  degree  will  not  answer,  I  shall 
now  show  that  the  relation  between  to  and  t  may  be  repre- 
sented by  a  cubical  hyperbola. 
By  equation  (7), 


Total  work  »  oia  f 
and 


«-^i)'; 


Rate  of  work  «  cua  (  to  + 


(-  ^  t)- 


But,  assuming  the  truth  of  the  Law  of  Fatigue,  the  product  of 
these  two  expressions  will  be  constant.     Hence 


w^a^  [^  -^  t)  ^  *  constant, 
or, 

t'A.  (12c) 


This    equation   represents   a    cubical   hyperbola,   whose 
asymptotes  ai*e 

/  =  o, 


a 

w  +  -  ^  o. 

2 


This  curve  is  free  from  the  objections  made  to  the  curve 
of  the  fifth  degree,  for  t  becomes  zero  when  w  is  infinite,  and 
increases  continuously,  as  w  diminishes,  and  becomes  infinite 

when  uy  -f  -  a  o,  which  corresponds  to  the  case  of  staticnl 

equilibrium ;  and  t  has  no  intermediate  maximum  between 
zero  and  positive  infinity.  In  fact,  if  we  differentiate  the 
equation  ( 1 2c),  we  find 

dt  4A  ,. 

—  =  - rr.  I  2d) 

dw        (iLW  ^  ay 
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This  equation  shows  that  the  tangent  to  the  curve  does 
not  become  horizontal  for  any  value  of  w^  except  infinity. 

An  interesting  consequence  may  be  drawn  from  equation 
(i2c)  by  seeking  the  relation  between  the  useful  tpork  done 
and  the  weight  w.  The  useful  work  may  be  represented  by  the 
product  of  w  and  t ;  hence  if  u  denote  the  useful  work,  we  find 

A 


but 


(-  ^  f  )■■ 


Hence  •*■/ ri«  (i^O 


("^if 


From  this  equation,  which  denotes  a  cuspidal  cubic,  I  shall 
hereafter  show  that  the  useful  work  is  a  maximum  when  the 
weiifht  held  in  the  hand  is  half  the  weight  of  the  arm. 

4.  Ob  the  Dynamloal  IRTork  done  by  Musolas  alternately 
oontraotwl  and  wOmmad.— In  the  preceding  section.  I  have  dis- 
cussed  the  work  done  by  muscles  kept  in  a  state  of  continued 
contraction  until  tired  out;  and  I  have  called  this  work 
'*.  Statical/*  because  the  muscles  appear  to  be  at  rest,  and 
really  do  undergo  no  movement  of  translation  in  space,  al- 
though a  very  rapid  and  active  molecular  movement  takes 
place  within  their  substance,  to  which  the  work  done  is  al- 
together due. 

In  the  present  section,  I  shall  consider  the  more  usual 
kind  of  work  done  by  muscles,  to  which  the  name  *'Dyna. 
mical*'  is  given,  the  amount  of  which  is  measured  by  external 
movements  of  various  parts  of  the  body,  and  by  the  removal  of 
external  resistances  through  spaces  easily  measured. 

In  most  kinds  of  labour  which  are  recognised  as  effective, 
and  which  are  usually  employed,  almost  all  the  muscles  of  the 
upper  and  lower  extremity  are  employed,  together  with  the 
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muscles  of  the  lumbar  and  dorsal  vertebrae ;  and  previous  to 
instituting  a  comparison  of  the  work  done  in  this  kind  of 
labour  with  that  done  by  muscles  in  continued  contraction 
(which  has  been  already  discussed),  it  is  necessary  to  have  an 
approximate  estimate  of  the  total  weight  of  all  the  muscles 
of  the  upper  and  lower  extremity  in  a  healthy  man  of  ave- 
rage weight. 

In  order  to  obtain  this  estimate,  I  made  a  series  of  obser- 
vations on  the  weights  of  the  muscles  of  two  well-developed 
male  subjects,  of  71  inches  and  67  inches  in  height,  re- 
spectively, and  who  had  died  of  acute  diseases  (nephritis  and 
pneumonia),  that  terminated  life  without  much  loss  of  sub- 
stance by  wasting. 

The  results  thus  obtained  were  the  following : — 

Mtudes  0/ Lower  Ltmk,       1       Muscles  of  Upper  Limb, 


I.  Hip  Joint,  .    .  77.33  oz. 
a.  Knee  Joint,.    •  55.28 

3.  Ankle  and  Foot,  33.91 

4.  Luml>ar,      •    •  14.81  „ 


$9 


1 80.33  oz.  ay. 


I.  Shoulder  Joint, .  47.30  os. 
a.  Elbow  Joint,     .  22.94  „ 

3.  Wrist  and  Hand,  17.33  „ 

4.  Tnmco-icapular,  19.41  „ 


106.98  OS.  ar. 


Doubling  these  results  we  find 

Muscles  of  Lower  Limbs  •  360.66  oz. 
Muscles  of  Upper  Limbs  »  213.96  „ 


Total     ....      a74.6a  oz. 

If  we  compare  the  muscles  of  these  two  subjects  with 
those  of  P.  E.  (p.  32)9  dissected  in  the  prime  of  life,  we  find 
reason  to  believe  that  50  per  cent,  should  be  added  to  the 
muscles  of  even  the  best  selected  subjects,  in  order  to  bring 
them  up  to  the  standard  of  life. 

Thus, 
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I.      m.  rectus  femaris  (selected  subject),  .     .     .     6.1  oz. 

m.  rectus  femoris  (P.  K.)f 9-2  ,> 

Percentage  to  be  added,.  .  50.8 

a.      m.  ^leg^tf  Atititm {selected  subject),        .     .  3.24  oz. 
m.  supraspinatus  „  ...  2.18  „ 

5.42  oz. 

m.  biceps  humeri  (P.  K.),         5.9  oz. 

m.  supraspinatus         „  2^4   „ 


8  30Z. 


Percentage  to  be  added,    .  53.1 
We  may  therefore  safelj  assume  jo  per  cent,  to  be  added 
to  the  muscles  of  a  carefully  selected  subject  in  order  to  bring 
them  to  the  standard  of  life. 
Hence, 

Total  muscles  of  upper  and  lower  limbs,  .  574.62  oz. 
Add  50  per  cent,  on  ditto,     .     .     .  287.31 

Total,        8ei.93  oz  av. 

The  work  done  by  the  muscles. of  the  human  body,  in  ex- 
ertion that  calls  into  play  nearly  all  the  muscles  of  the  body, 
may  be  divided  into  excessive  work  and  ordinary  work.  The 
first  kind,  or  excessive  work,  produces  an  injurious  effect  upon 
the  respiratory  and  circulatory  systems,  rather  than  upon  the 
muscles  themselves ;  so  much  so,  indeed,  that  death  (which 
sometimes  is  the  consequence  of  excessive  muscular  work)  is 
found  to  be  caused,  in  this  kind  of  over-exertion,  by  pulmonary 
apoplexy,  or  by  rupture  of  an  artery,  produced  by  the  effort 
made  by  the  lungs  and  heart  to  supply  fresh  blood  to  the  over- 
worked muscles. 

Example  No.  i. — As  a  first  example  of  excessive  muscular 
work,  I  shall  take  the  case  of  an  eight-oared  outrigger  pro- 
pelled at  the  rate  of  one  knot  in  seven  minutes.     The  mea- 
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Burements  by  means  o1  which  the  following  calculation  is 
made,  were  kindlj  furnished  to  me  by  Dr.  E.  A.  Parkes,  and 
by  Mr.  Maclaren,  of  Oxford. 

The  Besistance  offered  by  the  water  to  the  motion  of  the 
boat  is  divisible  into  the  following  parts,  due  respectively  to, 

X.  The  Distortion  of  the  particles  of  water; 

2.  The  production  of  Currents  ; 

3.  The  production  of  Waves  ; 

4.  The  production  of  Frictional  Eddies. 

In  the  case  under  consideration,  the  first  three  causes  of 
Resistance  may  be  neglected,  in  consequence  of  the  *'  fair" 
form  of  the  boat,  and  of  the  limited  speed  at  which  she  is 
driven ;  and  the  whole  resistance  may  be  regarded  as  due  to 
the  production  of  Frictional  Eddies. 

In  discussing  the  amount  of  Resistance  due  to  this  cause, 
I  shall  adopt  the  principles  laid  down  by  Professor  Rankine,* 
from  which  it  appears  that    . 

The  Eddy  Resistance  a  /  u>  —    q^ds ; 

where  ds  denotes  the  element  of  the  boat's  skin  ; 

J,  the  ratio  which  the  velocity  of  gliding  of  the  water 
over  that  element  bears  to  the  speed  of  the  boat ; 

c,  the  speed  of  the  boat ; 

g,  gravity; 

117,  the  specific  gravity  of  the  water,  or  weight  of  one 
cubic  foot ; 

/,  the  coefficient  of  friction  («  0.0036). 

In  this  equation,  jq^ds  is  the  augmented  surface  of  the  boat's 
skin,  and  is  supposed  to  sum  up  together  the  skin  resistance 
and  that  due  to  the  excess  of  water  in  front,  and  to  the  defi- 
ciency of  water  behind. 

•  "Treatise  on  Sbipbuildicg,"  Fol.,  Mackenzie,  London,  1866,  pp.  78  ttseq. 
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From  the  value  of  the  coeiRcient  of  friction  employed 
(which  is  deduced  from  Professor  Weisbach*s  experiments  on 
the  flow  of  water  in  iron  pipes),  it  follows  from  the  preceding 
equation  that  at  ten  knots  the  Eddy  Resistance  is  nearly  equal 
to  one  pound  avoirdupois  per  square  foot  of  A  ugmented  Surface  ;* 
and  varies^  for  other  speeds,  as  the  square  of  the  speed. 

The  whole  difficulty  of  the  calculation  of  the  eddy  re 
sistance  turns  upon  the  calculation  of  the  augmented  surface, 
which  is  effected  by  Professor  Rankine,  on  the  assumption 
(conformable  to  repeated  experiments),  that  the  augmented 
surface  and  its  resistance  are  the  same  as  those  of  a  Trochoidal 
ribbon,  whose  length  is  the  length  of  the  boat  on  the  plane  of 
floatation,  whose  breadth  is  the  mean  immersed  girth  of  the 
boat,  and  whose  coefficient  of  augmentation  is 

I  +4sin*b»+8in^(ft», 

where  w  is  the  angle  of  the  greatest  obliquity  to  the  horizon 
formed  by  a  tangent  to  the  Trochoid. 

Applying  the  foregoing  principles  to  the  sections  of  the 
Oxford  eight-oar  when  loaded  with  its  crew,f  I  have  found  the 
following  results : — 

1.  Length  of  plane  of  floatation  «  52  il. 

2.  Girth  of  central  immersed  section  «  31.5  in. 

(Mean  immersed  girth)  •  frds  «  21  in.  «  i  .75  ft. 

3.  Sine  of  obliquity  -  J. 

Hence  the  coefficient  of  augmentation  is 

i+4(i)'  +  (i)'-i.2S4; 
and  the 

Augmented  sur&ce  -  52  x  1.75  x  1.254  -  114. 11  sq.  ft. 
The  speed  of  the  boat  is  sssumed  to  be  one  knot  in  seven 

*  It  if  exactly  llfthi  of  a  pound. 

t  The  weight  of  the  boat  ii  350  Ibe.,  and  the  ayerage  weight  of  the  erew  is 
1 1  at  4  Ibe.  each,  and  the  coxwain  ia  8  atone. 
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minutes,  or  —  knots  per  hour ;  hence,  by  the  rule  already  laid 

7 
down,  the  resistance  per  square  foot  of  augmented  surface  is 


( 


7  /     ICO     044     49      644 


and  finally,  the  total  resistance  is 

114.11  X  i-  X  —-5  cs  81.^6  lbs. 
49     <^44 

This  resistance  is  overcome  through  the  space  of  one  knot 
(1000  fathoms)  in  seven  minutes  ;  and  therefore 

The  Total  Work  done  o  ^''3^  ^  ^^^^  -  218  ft.  tons. 

2240 

The  work  done  per  man  is  27.25  ft.  tons  in  seven  minutes, 
or  nearly  4  ft.  tons  each  minute. 

A  good  idea  may  be  formed  of  the  rate  in  which  the  mus- 
cles give  out  work  in  a  boat-race,  from  comparing  this  work 
with  the  average  daily  work  of  a  labourer.  At  many  kinds 
of  labour  there  are  400  ft.  tons  of  work  accomplished  in  ten 
hours.  The  oarsman  therefore  performs,  in  one  minute,  the 
hundredth  part  of  his  day^s  labour ;  and,  if  he  could  continue  to 
work  at  the  same  rate,  he  would  finish  his  day*s  task  in  1^.  40™., 
instead  of  the  customary  10  hours. 

The  work  done,  therefore,  in  rowing  one  knot  in  seven 
minutes,  is,  while  it  lasts,  performed  at  a  rate  equal  to  six 
times  that  of  a  hard-worked  labourer. 

The  rate  of  work  in  this  case  is  four  tons  per  minute ;  and 
if  we  assume  (p.  45)  575  oz.  av.  as  the  weight  of  muscles  em- 
ployed, we  find  the  rate  per  ounce  per  minute  to  be 

Si.'x6  X  6000         .      /v  11  •     X 

■     '^- =  15.169  ft.  lbs.  per  oz.  per  mmute. 

8  x7  x57s 

E 
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The  experiment  detailed  in  the  note,*  made  under  the 
direction  of  Mr.  Maclaren,  was  communicated  to  me  after  I 
had  made  the  preceding  calculation,  and  seems  to  confirm  the 
residt  arrived  at  as  to  the  resistance  overcome  in  this  kind  of 
labour. 

*  Mr.  MaehrmCi  JBgperimmt — "  An  eight-oared  racing  boat,  weighted  with 
■andhags  to  represent  an  1 1  at  3  lb.  crew  (the  weight  for  which  she  was  built), 
and  steered  bj  an  8  st  oorwain,  was  towed  oyer  part  ofthe  Oxford  ooarae,  where 
the  water  is  straight,  broad,  and  deep. 

*'  The  four-oared  boat  bj  which  she  was  towed  was  itself  towed  by  men  on 
the  bank,  and  kept  in  a  straight  course  hj  a  cozwain.  The  eigjht-oar  was  kept 
as  nearly  as  possible  in  a  line  with  the  four-oar  by  the  cozwain  placed  on  board 
for  that  purpose. 

"The  towline  from  the  four  to  the  eight  was  fostened  to  the  bow-oar^s  thwart 
in  the  ei^t,  exactly  on  a  line  with  the  keel,  and  the  strain  measured  by  a  dy- 
namometer (a  Salter's  spring-balance),  interpoeed  between  the  end  ofthe  tow  line 
and  the  four-oar. 

The  distance  traTeUed, 560  yards. 

The  time  occupied,' 6".  lo". 

The  ayemge  strain  on  the  dynamometer,    .    .    7  lbs. 

''There  was  a  li^t  side  wind,  but  not  enough  to  ruffle  the  water,  or  seriously 
interfere  with  the  experiment  The  strain  was  measured  when  the  keels  ofthe 
twobottts  were  as  nearly  as  possible  in  the  same  straight  line.  The  course  was 
against  the  stream,  which  is  yery  slight." 

In  this  case,  the  yelocity  expressed  in  knots  per  hour  is 

560  X  60  X  3       ^   - .         . 

-i i«  a.65  knots  per  hour. 

19  X  aooo  ''  ' 

In  the  case  already  considered,  t2ie  yelocity  was  assumed  to  be  one  knot  in 
seyen  minutes,  or 

^  =  8.57  knot.  p«r  hoar. 

Hence  it  follows  (assuming  the  resistance  to  increase  as  the  tquar$  of  the  ye- 
locity) that  the  resistance  at  one  knot  per  seyen  minutes  would  be 

^?|iyx7lbs.-73.2inis. 

Profossor  l^nHnA^  in  a  letter  addressed  to  me,  lath  September,  1866,  sug- 
gests that  I  ought  to  haye  reduced  Weisbach's  coefficient  from  0.0036  to  aoo3o, 
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Example^  No.  2. — The  most  effective  mode  in  which  the 
labour  of  man  can  be  employed  is  in  lifting  his  own  weight 
through  a  height  for  a  number  of  consecutive  hours.  Captain 
Coignetj^a  French  officer  of  engineers,  invented  (1835)  a 
hoist  or  box-lift,  applied,  to  the  lifting  of  barrows  of  earth 
firom  an  excavation  of  about  forty  feet  deep,  whicli  was  in- 
tended to  be  used  in  the  formation  of  earthworks  for  fortifica- 
tions. This  box-lift  consists  of  a  strong  rope  passing  over  a 
large  pulley,  and  having  suspended  at  each  end  a  cage,  or  en- 
closed platform.  The  barrow  load  of  earth  is  brought  by  an 
assistant  to  the  foot  of  the  hoist,  and  placed  in  the  cage,  which 
is  supposed  to  have  just  descended  to  the  lower  level.  At 
the  same  moment,  the  labourer,  with  an  empty  barrow,  steps 

becaoae  the  skin  of  the  boat  11  smoother  than  the  skm  of  iron  steam-boats,  and  he 
baa  faaDd  that  the  friction  in  iron  pipes  is  diminished  to  about  fiye-sizths,  by 
Uning  them  with  smooth  pitch.  This  would  xeduoe  the  result  of  my  calculation 
fton  81.36  to  67.80  lbs. 

In  consequence  of  my  publication  of  the  fSaregoing  results,  Mr.  J.  Scott  BusseU 
published  In  '*The  Ftactical  Mechanic's  Journal,"  November,  1866,  an  addi- 
tional calculation  of  the  resistance  of  the  Oxford  eight-oar,  the  result  of  which 
is  74.33  lbs. 

The  preceding  calculations  and  observations  give — 

Haughton, 81.36  lbs. 

Bankine, 67.80   „ 

Scott  Russell     ....  74*23    „ 

Hadaren, 73*2>    >* 

Mean,       .     .     .     74.15  lbs. 

From  the  preceding  results,  we  may  obtain  the  following  rates  per  ounce 
per  minute  of  the  muscles  engaged : — 

SaUjur  omMeptr  MmvU  of  MuaeU  9mploy$d  in  rowing  a  Boat -rat  f. 
Foot  pounds  per  omice  per  mfaitite. 

15.169 Haughton. 

13.640 Rankine. 

13.840 Scott  Russell. 

13.650 Maclarcn. 

Mean,  .  .  13.825 

E  2 
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into  the  upper  cage,  and  descending  by  his  weight,  lifts  the 
full  barrow  through  forty  feet,  to  the  higher  stage,  where  it  is 
at  once  removed  by  a  second  assistant.  The  labourer  then 
leaves  the  cage  in  which  he  has  descended,  and  returns  to  the 
higher  stage,  by  mounting  a  ladder ;  and  again  steps  into  the 
upper  cage,  which  is  now  ready  to  conmience  the  descent 
afresh.  It  has  been  found,  by  repeated  trials,  that  a  labourer, 
aided  by  two  assistants,  to  bring  and  remove  the  loaded  and 
empty  barrows,  is  able  to  work  for  eight  hours  a  day,  during 
which  he  lifts  his  own  weight  (70  kilos.)  through  a  height  of 
13  metres,  310  times. 

From  these  data  we  find 

Work  done  intone  day  ■* -^ — - —  «  010  ft.  tons. 

j  311  ^ 

Converting  this  result,  as  before,  into  work  done,  expressed 
in  ft.  lbs.  per  ounce  of  muscle,  per  minute,  we  obtain 


Kate  of  work,  per  ounce,  per  j      ^ ,  q  x  2  240 
minute,   of  muscler  "" 

ployed  in  climbing. 


minute,   of  muscles   em- >  ■»  ^q— -3  — -^  =  7-3^9^^'^^^- 


The  example  just  given  may  be  confirmed  by  the  follow- 
ing:— A  friend  has  informed  me  that  he  performed  the  ascent 
of  Monte  Bosa,  firom  Zermatt,  9000  ft.,  in  nine  hours,  his  weight 
being  14  stone.     Here  we  have 

Rate  of  work,  per  ounce,  per  \ 

A  1  f      14  X  14  X  9000  «  „ 

mmute,   of  muscles   em-  >  "    q  x  60  x  cnc    "  5^q3^^-^ps- 

ployed  in  climbing,    .  .  .  ' 

Example,  No,  3. — It  is  recorded  in  the  Memoirs  of  the  in- 
comparable Martinus  Scriblerus,  how,  in  his  eager  pursuit 
of  knowledge,  he  met  with  an  extraordinary  misadventure, 
through  the  ignorance  of  his  assistant,  Crambe.  Having  se- 
-sured  the  body  of  a  malefactor,  he  hired  a  room  for  its  dissec- 
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tion  near  the  Pest  Fields  of  St.  Giles,  at  a  little  distance  from 
Tybum  Road.  The  body  was  carried  by  night,  without  much 
difficulty,  on  Crambe's  back,  who  found  it  easy  (being  both 
young  and  lusty)  to  travel  along  the  level  road,  carrying  on 
his  legs  the  double  weight,  of  the  malefactor,  and  of  his  proper 
self.  As  soon,  however,  as  he  commenced  to  ascend  the 
staircase,  the  wonderfully  increased  exertion  (20  to  25  times 
as  great  as  before)  began  to  tell  upon  Crambe,  and,  as  the 
accurate  narrator  records,  upon  the  corpse  also ;  in  conse- 
quence of  which  Crambe  dropped  his  burden  in  disgust  and 
fright,  and  allowed  it  to  roll  down  the  staircase,  while  he  him- 
self ascended  breathless  into  the  upper  room,  where  Martin, 
scalpel  in  hand,  eagerly  av?aited  the  arrival  of  his  expected 
subject.* 

Next  to  the  exertion  of  lifting  his  own  weight,  the  sim- 
plest mode  in  which  the  force  of  man  can  be  employed  is  in 
transporting  the  weight  of  his  body,  loaded  or  unloaded,  along 
a  horizontal  road ;  and  the  work  done  in  horizontal  transport 
of  loads  may  be  readily  shown  to  be  about  ^yth  part  of  the 
work  done  in  lifting  the  same  loads  vertically  through  heights 
equal  to  the  horizontal  distances. 

In  order  to  obtain  the  proportion  between  the  work  done 
in  the  horizontal  and  in  the  vertical  transport  of  weights,  we 
must  examine  the  mechanism  of  simple  walking. 

In  the  act  of  walking,  it  is  found  that  the  leg  which  rests 
upon  the  ground  supports  the  centre  of  gravity,  which  is  first 
lifted  by  the  thrust  of  the  other  leg  against  the  ground,  and 
afterwards  falls  forward,  while  the  suspended  leg  swings  as  a 
pendulum,  and  becomes  in  its  turn  the  support  of  the  centre 

*  It  ifl  true  tliat  Mr.  Pope  giyes  a  different  account  of  the  cause  of  thia  cele- 
brated disaster,  and  one  which  acquits  Crambe  of  the  charge  of  having  proved 
unable  to  carry  the  malefactor  up  a  flight  of  stairs ;  but  I  feel  no  hesitation  in 
asserting  that  my  own  explanation  of  the  misadventure  is  preferable. 
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of  gravity,  which  is  made  to  ascend  and  descend,  as  before, 
like  an  inverted  pendulum,  by  the  thrust  and  subsequent  fall 
of  the  other  leg.  The  forward  movement  of  the  body,  or  its 
horizontal  transportj  is  effected  Jby  the  pendulous  movement 
of  the  legs,  caused  by  the  successive  raising  of  the  centre  of 
gravity ;  and,  consequently,  the  work  done  in  walking  one 
step,  is  simply  the  work  of  lifting  the  man's  weight  through 
the  height,  to  which  his  body  is  lifted  at  the  commencement 
of  each  step. 

It  has  been  ascertained,  by  means  of  an  apparatus  in- 
vented by  Messrs.  William  and  Edward  Weber,*  that  in  ordi- 
nary walking,  when  the  length  of  the  step  is  28.740  inches, 
the  mean  elevation  and  depression  of  the  centre  of  gravity  of 
the  whole  body  is  1.248  inch;  and  it  was  also  found  that 
this  proportion  remained  the  same  for  different  lengths  of 
steps. 

From  this  observation  we  find, 

Vertical  elevation  1 248         i 


Horizontal  transport     28740     23.03 

Hence  it  follows  that  a  man  walking  23.03  miles  along  a 
horizontal  road  has  done  as  much  work  as  if  he  had  lifted  his 
body  up  a  vertical  ladder  through  a  height  of  one  mile. 

Under  such  unfavourable  circumstances,  it  is  not  to  be 
wondered  at,  that  poor  Crambe's  courage  failed  him,  when  he 
commenced  the  ascent  of  the  staircase,  with  the  corpse  upon 
his  back ;  and  that,  finding  himself  unable  to  ascend  with  the 
alacrity  required  by  the  occasion,  he  quietly  let  go  his  hold, 
and  rushed  breathless  into  the  presence  of  his  master,  being 
completely  overcome  by  his  imwonted  exertions. 

The  work  done  in  the  horizontal  transport  of  burdens  may 

*  Mcchtnik  der  menschlichen  Gewerkzeuge,  p.  238.     Goitingen,  1836. 
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be  calculated  also  firom  a  totally  different  set  of  obserrationfl 
made  by  the  Messrs.  Weber.* 

When  the  body  is  at  rest,  in  the  standing  posture,  the 
Hne  drawn  firom  the  centre  of  gravity  of  the  trunk  to  the 
centre  of  the  horizontal  line  joining  the  centres  of  the  acetabula 
of  the  pelvis  must  be  vertical;  and  when,  in  walking  or  run- 
ning, the  body  is  carried  horizontally  with  a  velocity  v,  this 
line  must  incline  forwards,  with  an  inclination  such  that  it  shall 
be  in  the  direction  of  the  resultant  of  the  momentum  of  the 
horizontal  velocity  and  the  weight  of  the  body. 


Thus,  if  0  5  be 
the  horizontal  space 
through  which  the 
trunk  (balanced,  like 
a  jugglers' pole,  on  the 
pelvis)  is  carried  in 


agiven  time,  and  OA 
be  the  vertical  space, 
which  on  the  same 
scale  represents  the 
weight  of  the  body ; 
if  there  were  no  re- 


■«• 


sistance  caused  by 
setting  the  forward 
foot  upon  the  ground, 
or  by   the    air;  the 


mw 


body  would  be 
obliged  to  lean  for- 
ward through  an  an- 
gle 0  A  ^,such  that 


mv 


tan  I  m  tan  0  A  B  =  — 


mg      32.2 
*  Mechanik  der  menschlichen  Gewerkzeuge,  pp.  2331  4. 


(•3) 
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The  angle  i  has  been  carefully  measured  for  three  diffe- 
rent velocities  by  Messrs.  Weber,  with  the  following  results : — 

Velocity.  IneUnaium  of  Ihmk. 

Feet  per  Second.         Miles  per  Hour. 

I.  2.667      .      .      .      I.818      .      .      .      2®   43' 

II.  6.385     .     .     .     4-3S3     ...     7     40 

III.  is»Si3     •    •     •  io«S77     •     •     •  19     13 

If  there  were  no  resistance  to  horizontal  motion,  the  slope 
of  the  body  would  be  found  by  calculation  firom  equation  ( 13) ; 
or,  assuming  the  slope  to  be  given,  as  measured,  we  find  the 
velocity  from  the  equation 

V  ">  32.2  X  tan  t  (14) 

Solving  this  equation  for  the  three  inclinations  of  the 
trunk  measured  by  the  Messrs.  Weber,  we  find — 

Veloeity  of  Feet  per  Second.      IneKnation  of  Ihsfik 


I.  1.528  .  .  . 

.   .   .   2^3 

n.  4.334  .  •  . 

.  .  7  40 

III.  11.224  •  •  ' 

.  .  .  19  13 

From  the  preceding  results,  it  follows  that  the  observed 
velocity  is  in  excess  of  the  velocity  calculated  on  the  hypo- 
thesis of  no  resistance  for  fixed  inclinations  of  the  trunks  by 
the  following  quantities  : — 

I.     (2.667  ~    ^-5^8)  =  1. 139  ft.  per  second. 

II.  (6.385-    4.334)  =  2.051  „ 

III.  (15.513  -  11.224)  «  4.289  „ 

* 

The  proportion  of  resistance  overcome  to  weight  lifted,  in 
the  three  cases,  is  therefore — 
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Velocity.  Proportion  of  Refinance  to  Weight. 

Miles  per  Hour. 

1. 139  _       I 

I*       I.olo     •       •       •       •       • 


"•    4353 


ui.  10.577 


32.2      28.27 
2.051  I 

32T"  15.70 

4.289        I 


32.2      7.51 

From  these  results  it  follows  that  a  man  walking  at  the 
rate  of  1.818  miles  per  hour  should  travel  28.27  ^^^s  before 
he  has  done  the  work  represented  by  lifting  his  body  through 
one  mile  of  vertical  height. 

If  we  interpolate  between  the  results  i.  and  II.,  to  find  the 

resistance  at  the  pace  of  2  miles  per  hour,  we  find  it  to  be  — r- 

'^  .  20.65, 

a  result  that  agrees  well  with  that  already  found  from  direct 
measurement  of  the  vertical  elevation  of  the  centre  of  gravity, 
at  each  step  in  ordinary  walking. 

As  an  example  of  the  rate  of  work  that  may  be  attained 
in  carrying  loads  horizontally,  I  shall  give  the  following,  to 
which  my  attention  was  called  by  Professor  Rankine,  and 
which  is  fotmded  on  data  obtained  by  his  father.  Lieutenant 
David  Eankine : — 

A  labourer,  supposed  to  weigh  150  lbs.,  carrying  a  load  of 
1 26  lbs.  for  30  seconds,  can  travel  at  the  rate  of  11. 7  ft.  per 
second  (8  miles  an  hour)  ;  what  is  the  rate  of  work  done,  per 
ounce  of  muscle,  per  minute  ? 

At  6.385  fl.  per  second,  the  resistance  is  measured  by  a 
loss  of  velocity  of  2.05 1  ft.  per  second. 

At  15-513  ft.  per  second,  the  resistance  is  measured  by  a 
loss  of  velocity  of  4.289  ft.  per  second. 

Therefore, 

'5*5*3  ""  ^-3^5  •  *  I'Too  -  6.385  :  :  4.289  -  2051  :  a 
or,  9.128  :  5315  :  :  2.238  :  x  =  1303 
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And,  finally, 

1.303  -I-  2.05 1        I 


32.2  9.60 

In  other  words,  at  the  pace  of  1 1.7  ft.  per  second,  the  re- 
sistance to  horizontal  motion  is  ^.^^th  of  the  weight,  accord- 
ing to  the  results  of  the  experiments  of  Messrs.  Weber.  Hence 
the  work  done  per  ounce,  per  minute,  in  Lieutenant  Hankine's 
experiment,  is — 

,^    ,      276  X  1 1.7  X  60  ^  „ 

W ork  =  — — ^ — » 'i C.I  10 it.  Ids. 

9.6  X  575  ^5      y 

From  the  foregoing  example,  it  appears  that  the  rate  of 
work  done  in  carrying  half  one's  weight  at  8  miles  an  hour  is 
more  than  double  the  work  done  in  a  boat  race,  although  it 
is  considerably  less  than  the  work  done  in  statical  work,  by 
muscles  sustaining  weights,  as  already  described. 

The  following  examples,  among  many  others,  may  be 
given  of  the  daily  amount  of  work  given  out,  in  ordinary  la- 
bour, by  the  muscles  of  man : — 

Example^  No,  4. — ^The  useful  work,  measured  by  the  bricks 
lifted  per  day,  done  by  a  Dublin  hodman,  amounts  to  181  ft. 
tons ;  to  which  must  be  added  the  fatigue  work  done  in  lifting 
his  own  weight  and  that  of  his  hod  up  and  down  the  ladders. 
I  have  observed  the  hodmen  in  Dublin  to  make  40  ascents  per 
day  of  ladders  40  ft.  high  ;  if,  therefore,  we  assume  the  weight 
of  the  labourer  and  his  hod  to  be  170  lbs.,  we  have. 

Work  done  in  mounting  «  170  x  40  x  40  b  272,000  ft.  lbs. 
,,  descending  8  one-half,    .     .     136,000     „ 

408,000      ,, 
Hence, 

Fatiinie  work  «>  •  «  182  ft  tons. 

°  2240 

Useful  work,  .     .181       „ 


Total,      .     .     .  368  ft  tons. 
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Example^  No.  5. — ^The  pavioors  of  Dublinmake  78  blows  of 
the  rammer  in  a"'  45*',  and  then  rest  for  3"'  3o«- ;  their  ram- 
mer weighs  5  St,  9  lbs.,  and  is  lifted  through  16  inches  each 
stroke ;  and  their  labour  is  continued  each  day  for  10  hours. 
Let  us  calculate  from  these  data  the  work  done  per  day. 

The  time  of  labour  is  to  the  time  of  rest  as  165  to  210; 
hence,  the  time  of  labour  is  to  the  whole  time  as  165  to  375  ; 
therefore,  in  the  day  of  10  hours  the  number  of  minutes  of 
labour  is 

10  X  60  X  i6c 

«  264  mmutes ; 

375 

but  in  2}  minutes  79  lbs.  are  lifted  78  times  through  16  inches. 
Hence  the  work  done  in  2|  minutes  is 

79  X  78  X  i^  e.  8216  lbs. ; 

and  the  work  done  in  a  whole  day  of  10  hours,  is 

8216  X  —^  =  788736  ft.  lbs. ; 

which,  divided  by  2240,  gives  us 

Daily  work  of  paviour,    .     .     .     ssa  ft.  tons. 

Example,  No,  6. — In  the  construction  of  the  Oxford  and 
Birmingham  railway,  a  '*  box-lift"  was  employed  in  the  cut- 
tings, identical  in  principle  with  that  used  by  Captain  Coignet 
{Example,  No.  2),  and  the  average  result  of  more  than  a  year's 
observation  on  average  workmen,  in  all  weathers,  was  taken, 
with  the  following  results : — 

Work  done, 15 10  ft.  lbs.  per  minute. 

Daily  work  (10  hours),  404  ft.  tons. 

On  the  same  railway  a  "  swing-lift"  was  used,  in  which 
part  of  the  work  of  the  labourers  was  employed,  not  in  rais- 
ing materials,  but  in  shifting  the  position  of  the  ''lift."     Ob- 
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servations  made  for  more  than  a  year,  in  all  weathers,  on  the 
daily  labour  of  average  workmen,  gave  the  following  results : — 

Work  done,    .     .     •     1046  ft.  lbs.  per  minute. 
Work,       .     .     .  aao  ft.  tons  per  day  (10  hours). 

The  mean  result  of  an  ordinary  day  labourer,  employed 
with  the  box  or  swing-lifV,  is,  therefore, 

*'  Box  or  swing-lift,"     ....    34a  ft.  tons. 

Example^  No.  7. — A  very  accurate  estimate  may  be  formed 
of  the  average  day's  labour,  from  observations  formed  on  the 
horizontal  transport  of  weights,  interpreted  by  the  rules  al- 
ready laid  down  for  the  conversion  of  horizontal  into  vertical 
transport. 

(a.)  If  a  pedestrian  be  employed  in  walking  only,  without 
load,  it  is  found  that  20  miles  a  day,  with  rest  on  Sundays, 
give  full  employment  to  his  strength,  and  that  this  amount 
cannot  be  exceeded  with  prudence.  From  this  assumption, 
if  we  suppose  the  man's  weight,  including  clothes,  to  be 
160  lbs.,  we  find — 

a.  Horizontal  transport  of  man  \  160  x  20  x  5280 


walking  without  load,       .  )  2240 

m  7M3  ft.  tons. 

(6.)  Coulomb  observed  the  work  done  by  porters  employed 
to  carry  goods  2000  metres,  returning  unloaded,  and  found 
that  each  carried,  in  the  course  of  the  day,  348  kilos,  in  six 
journeys,  loaded  with  58  kilos,  at  a  time.  If  we  suppose 
each  porter  to  weigh  70  kilos.,  we  find  the  following  result 
for  the  horizontal  transport : — 

Useful  work,     2000  x  348  «=     696000  kil.  met. 

Fatigue  work,  2000  x  2  x  70  x  6  =  1,680000        „ 

Total, 2,376000  kil.  met. 


ANIMAL  MECHANICS.  61 

Dividing  this  result  by  31  it  in  order  to  reduce  it  to  foot- 
tons,  we  find 

ft.  Work  done  by  porters,  alternately  loaded 

and  unloaded, 7640  ft.  tons. 

(c.)  On  questioning  a  number  of  pedlars  who  travelled, 
always  loaded  with  their  packs,  Coulomb  found  that  they  were 
able,  with  a  load  of  44  kilos.,  to  travel  19000  metres  per  day. 
Assuming  their  weight  at  70  kilos.,  as  before,  we  find — 

Useful  work    »  19000  x  44  «    836000  kiL  met. 
Fatigue  work«  19000  x  70  -  1330000      „ 


Total,     .    .     .  2,166000  kiL  met. 
Converting  this,  as  before,  into  foot  tons,  we  obtain — 

e.  Work  done  by  loaded  pedlars  «  eM4  fV.  tons. 
Collecting  together  the  preceding  estimates,  we  find — 

a.  Man  walking  without  load, 7543  ft.  tons. 

b.  Man  alternately  loaded  and  without  load,     .  7640      „ 
e.  Man  loaded, 6964      „ 


Mean,     ....  7382  ft.  tons. 

If  the  horizontal  transport  be  effected  at  the  usual  rate  of 
3  miles  an  hour,  we  must  divide  the  preceding  result  by  20.65 
(as  already  explained),  in  order  to  convert  it  into  weight  lifted 
through  height.  Hence  we  obtain,  as  the  mean  of  the  work 
done  in  the  horizontal  transport  of  weights, — 

Work  done  in  horizontal  transport  )  7382 

i*!     J  \  — >    =358  ft.  tons 

of  loads, •  ;  20.65 

From  Examples  4,  5,  6, 7,  a  very  close  approximation  may 
be  made  to  the  daily  work  of  a  good  labourer. 
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I. 

2. 

Day  Laboarar. 

Hodman,  . 
Paviour,   .     . 

Foot  tons. 

363   • 

352     . 

Kilognuniiiotert 
.      .      112413 
.     .      109008 

3- 
4. 

Navvy,      .     . 
Pedlar,     .     . 

34a    .    . 
358    .    . 

.      .      IO5910 
I 10866 

Mean,     .     .     353.75  10M49 

If  the  day*s  labour  be  estimated  at  10  hours,  and  converted, 
as  before,  into  work  done  in  ft.  lbs.  per  oimce,  per  minute,  we 
find- 
Day  Labourer  -353-75     — 4_  ^  2.297  ft. lbs. per oz. per  min. 

Collecting  together  into  one  Table  the  rates  of  Statical  and 
Dynamical  work  of  muscles  already  described,  we  obtain — 

Table  VII. — Statical  Work  done  by  Muscles. 


MosdoiUaed. 


I.  Unloaded  muaoleB  ) 
of  shoulder,      .  / 

3.  Loaded  musoles  of  \ 
shoulder,     .    .  ) 

3.  Loaded  musoles  of  \ 
foreann,  •    .    .  / 


Qnantltyof 

Work  in  foot 

ponada. 


1206 

842 

3170 


Dnratlon  of 

Labour  In 

mlnutea 


8.29 
4.05 
9.29 


Weight  of 

Muadesin 

oz  aT. 


4.50 

4.50 
8.21 


Rate  of 

Work  In  foot 

pounds  per 

os.permin. 


3a.  3 
46.2 

4'-5 


Rate  of 

Work  in 

Kilogram- 

meters  per 

Hectorram 

per  minute. 


157 

22.5 

20.  a 


Table  VIII. — Dynamical  Work  done  by  Muscles  of  the  whole 

Body. 


• 

UndofWork. 

Quantity  of 

Woiicin  foot 

poondsL 

Dnratlon  of 
Labour  in 
mlnntea 

Weight  of 

Muscles  in 

ox.  ar. 

Rate  of 
Work  in  foot 
pounds  per 
os.per  mta. 

Rate  of 
Work  in 
Kilogram- 
meters  per 
Hectogram 
per  minute. 

1.  Boat  race,   .... 

2.  Coignef  s  lift, .   .   . 

3.  Running  with  load, 

4.  Day  labour,    .  .  . 

61,040 

a/>38,400 

10,091 

792,400 

7 
480 

i 

600 

575 
575 
575 
575 

»5.i7 

7.39 

35." 
2.30 

7.4 
3.6 
17. 1 
I.  I 
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The  last  two  columns  of  Table  VIII.  measure  the  respi- 
ratory distress  produced  by  dijBTerent  kinds  of  labour ;  and 
show  that  Coignet's  lift  is  more  than  thrice  as  severe  as 
ordinary  labour ;  and  that  running  at  8  miles  an  hour  with  a 
load  equal  to  half  the  weight  of  the  body  is  more  than  twice 
as  severe  as  pulling  a  boat  race. 

A.  Ob  Hhm  Absolute  Foroe  of  Mnoeloo. — We  have  already 
considered  the  amount  of  work  given  out  by  muscles,  when 
employed  either  statically  or  dynamically ;  and  it  now  re- 
mains to  investigate  their  absolute  force  when  employed  for 
an  instant,  or  very  short  space  of  time. 

Example^  No.  i. — Flexors  of  the  Forearm.  In  order  to  de- 
termine the  force  of  the  flexors  of  the  forearm,  I  held  my 
arm  vertically,  and  the  forearm  horizontally,  with  the  fist  shut 
and  in  supination,  and  found  that  39  lbs.  was  the  limit  of  the 
weight  I  could  just  raise,  when  suspended  at  12^  inches  from 
the  axis  of  the  elbow  joint ;  this  gives 

The  moment  of  Force  applied  -  41  x  12J  -  502J  ; 

estimating  the  forearm  itself  as  equivalent  to  2  lbs.  suspended 
at  12^  inches  from  the  joint. 

I  endeavoured  to  ascertain  the  moment  of  the  muscles  by 
dissecting  a  very  finely-developed  subject,*  who  had  been  a 
blacksmith  by  trade,  with  the  following  results : — 

Cross  Sedicns  of  Muscles. 

1.  Biceps  humeriy       .     .     1.914  sq.  in.  «  12.346  sq.  cent. 

2.  BrackUBus^       .     .     .     1.276     „       »    8.230       „ 

In  order  to  find  the  perpendiculars  let  fall  upon  the  direc- 
tions of  the  muscles  in  my  own  arm,  I  selected  another  sub- 

*  This  was  tlie  eame  lubject  on  which  I  made  the  measurements  of  the  leg 
mnicles  described  subsequently. 
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jecty  in  which  the  distance  firom  the  axis  of  the  elbow  joint  to 
the  ungual  ardcalation  of  the  middle  finger  was  the  same  as 
in  my  own  aim,  yiz.  16.55  in^  and  found  as  follows : — 

1 .  Perpendicular  on  Biceps  humeri^     zx)6  in. 

2.  Perpendicular  on  BmehuBus^  1.07  99 

Hence,  if  JT  denote  the  coeffident  of  muscular  force,  per 
square  inch  of  cross  section,  we  have 

TTiemamefU  of  the  muscles  *  K  (i.gi  x  2.06-1- 1.28  x  1.07) 

-  5-304  X  K; 
and,  equating  this  to  the  moment  of  force  applied,  we  obtain 

502i  =  5.304  X  K, 
and, 

ir«  94.7  lbs.  per  sq.  in.  ^  6.658  Kilos,  per  sq.  cent. 

Considering  that  the  arm  examined  after  death  was  that 
of  a  blacksmith,  it  is  possible  that  I  have  somewhas  orer- 
estimated  the  cross  section  of  the  muscles,  as  compared  with 
my  own ;  but,  on  the  other  hand,  it  must  be  remembered,  as 
I  have  shown  in  pp.  45,  6,  that  a  large  percentage  should  be 
added  to  dead  muscles,  in  order  to  bring  them  up  to  the 
standard  of  life. 

Other  writers,  especially  Donders  and  Mansfelt,  have 
given  measures  of  the  lengths  and  cross  sections  of  the  biceps 
and  brtKhuBiUf  which  I  have  added  in  a  note,*  partly  on  accotmt 

*  Orer  de  Klaita'criteit  der  Spieren.    Utrecht,  1863. 

AT.oTEifl^       One. 

I.  Distance  firom  axis  of  elbow  to  mteriion  of  bicepe,  39  in.m.  4501.111. 

3.  Length  of  fibres  of  longhead, 158  160 

3.  Length  of  fibres  of  short  head, 202  204 

4*  Length  of  the  whole  long  head, 388         400 

5.  Length  of  the  whole  short  head, 355  366 

6.  Distance  firom  aids  of  elbow  to  middle  of  intertum  of 

brachiaus, 31  30 

7.  Length  of  fibres  of  ^oMiVraf, (51-143)   (48-«34) 

8.  Length  of  whole  braehimutj       237 
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of  their  intrinsic  value,  and  partly  for  the  purpose  of  compa- 
rison with  my  0¥m. 

It  will  be  observed  that  their  measurements  of  the  cross 
sections  of  these  muscles  are  smaller  than  those  given  by  me, 
and  would  give,  therefore,  a  larger  value  for  the  coefficient  JT. 

Measurements  of  Dondebs  and  Mansfelt. 
Cross  Sections  of  Biceps  humeri  and  Brachiseus. 

MilliinB.        Sq.  in. 

I.  Biceps  humeri  (long  heeLd)y     .     .     .     530         0.821 

„  (short  head),    .     .     .     452         0.701 

2    BrachuBus, 614         0.952 

1596  2.474 
Example  J  No.  2. — Flexors  of  the  Leg.  In  order  to  measure 
4he  force  of  the  muscles  flexing  the  leg,  I  placed  the  observer 
lying  upon  his  face  upon  a  table,  with  the  legs  extended  over 
its  edge,  and  having  fastened  down  the  thighs,  I  observed  the 
maximum  weights  suspended  from  the  heel  that  could  be 
conveniently  lifted,  and  found  that  34  lbs.  was  the  limit ;  to 
this  must  be  added  3  lbs.  for  the  weight  of  the  leg,  supposed 
suspended  at  the  heel,  which  was  measured  as  i6|  inches 
from  the  axis  of  rotation  of  the  knee-joint.  The  perpendicu- 
lars let  fall  upon  the  directions  of  the  several  muscles  flexing 
the  leg  were  then  measured : — 

^  Distance  from  tfT^m  of  brachuBUB  to  axiB  of  elbow,     .   (1S3-31)    (190-37) 

10.  Length  of  radiua, 235  238 

11.  Length  of  bumenu 342  336 

12.  Section  of  long  head  (^'«^t), 530  8q.iii.m. 

13.  Section  of  short  bead,      „ 45a      „ 

14.  Section  of  drocAfiptM,      ,, 614      ,, 

Cross  section  of  an  elementary  bundle 

I 

MX  —  80.  m.  m. 
500 

Total  number  of  elementary  bundles  in  the  cross  section  of  the  flexors  of  forearm 

=  798,000. 

F 
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1.  Bicq>B  femoriM  (long  head), 

^  (short  head),     . 

2.  SfmiUmdmo9UM^ 


Perpendicular. 
0.95  in. 

0.56   „ 

0.40   „ 

0.65 


99 


99 


99 


4.  Gf^aeUU, 0.25 

5.  SawtoruUj 0.00 

The  cix>ss  sections  of  the  muscles  that  bend  the  leg  were 
found  to  be  in  the  same  subject* — 

1.  Bieq^femwris  (long  head),     .     .     2.59  sq.  in. 

,,               (short  head),    .     .  1.14 

2.  Simuiendmosus^ 1.87 

3.  SemimembroROStu^ 2.25 

4.  GraeiKs^ 0.89 

5.  SmiortMt, 0.59 

9.33  sq.  in. 

Hence  we  find,  for  the  determination  of  ir(the  coefficient  of 
muscular  contraction  per  square  inch  of  cross  section), 

0.95  X  2.59 
+  0.56  X  1. 14 
+  0.40  X  1.87 
+  0.65  X  2.25 
+  0.25  X  0.89 
V.  +  0.00  X  0.59 


37  X  16J  =  A"x  ^ 


or, 


610.5  =^x    ^ 


2.460 
+  0.638 
+  0.748 
+  1.462 
+  0.222 
h  0.000 


5-530 


*  This  was  also  the  subject  in  which  I  had  measured  the  muscles  of  the 
forearm,  described  in  Example,  No.  i. 


ABIMAL  HCCHAHICS. 


and,  finally, 


610.5 
"  S-S3 


■  1 10.4  lbs.* 


The  cross  sections  of  the  muscles  were  found,  by  cutting 
tbem  across  with  a  sharp  scalpel,  and  marking  out  their  sec- 
tion OD  cardboard,  and  afterwards  weighing  the  marked  por- 
tions, the  weights  of  which  were  then  compared  with  the 
weight  of  a  known  number  of  square  inches  of  the  same  card- 
board, and  so  the  cross  sections  in  square  inches  calculated. 

I  g^ve  here,  for  the  purpose  of  illustration,  the  actual  sec- 
tions  of  two  of  the  muscles  of  the  leg:  — 


Fia.  J.— Short  Hesd  of  BiMpt. 
■  As  it  wu  not  conTenient  to  procure  •  good  nibject  dsrtroyed  bj  ■  violisnt 
death,  T  mada  lue  of  a  poweiAil  man  irboHad  died  ofobolera,  and  who  had  been 
a  blaoknnith  hy  profomon.  Now,  it  la  natural  to  luppoie  that  the  tniuolei  of 
the  aim  of  a  blackimith  are  more  developed  than  thoae  of  )hi1^,  w  that  their 
crcM  aectian  would  be  relatiTely  too  great,  and  the  coeffloient  derived  from  that 
croM  aedion,  therefore,  probably  too  imsll ;  a  circunutance  which  may  help  to 
acoonnt  for  the  amaUer  coeffident,  94.7  Iba.,  fouiid  from  the  crow  sectioi]  of  the 
mtudea  flexing  the  forearm- 
It  ia  well  known  that  after  death  by  cholera,  life  oontinaea  in  the  mtuclea, 
La  itaalf  for  some  houn  by  movements,  and  by  the  existence  of  the 
Both  of  theie  facte  I  have  repeatedly  verified.  It  appeared 
to  me,  therefore,  that  anchaaabject  a*  laeleoted  wasonewellniiledtotbepur- 
poM  of  my  oheervationa. 

f2 
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The  perpendiculars  let  fall  upon  the  directions  of  the 
muscles  were  measured  by  stretching  strings  from  the  origin 
to  the  insertion  of  the  muscles,  and  measuring,  by  means  of  a 
compass,  the  perpendiculars  let  fall  upon  these  strings  from 
th^  axis  of  the  joint. 

The  weights  of  the  muscles  themselves  were  as  follows : — 


oz. 


1.  Biceps  humeri^  .     . 

2.  BrachuBus,  .     .     . 

3.  Biceps  femorisj 

4.  SemitendinomSf 

5.  Semimembranosus^ 

6.  GfraciUSf      .     .     . 

7.  Sartorius,     .     . 


4.22 

5.04 

10.74 
7-2S 

2.98 
5.66 


From  the  preceding  facts,  we  may  infer  the  total  force  of 
the  flexors  of  the  leg,  by  multiplying  their  total  cross  section, 
9*33  ^4*  inches,  by  the  coefficient  of  contraction,  11 0.4  lbs. 

Total  force  of  flexors  of  leg  -  9.33  x  1 10.4  =  1030.03  lbs. 

The  whole  investigation  illustrates  well  the  difficulties 
that  surround  researches  in  Animal  Mechanics.  I  was  obliged 
to  make  the  observations  and  measurements  on  three  different 
subjects  : — 

(a).  The  maximum  weights  were  observed  by  trials  made 
upon  myself  and  a  friend  of  a  similar  height  and  strength, 
with  results  closely  agreeing. 

(A).  The  measurements  of  the  arms  of  the  levers  were 
made  upon  the  skeleton  of  a  Frenchman,  of  the  same  height 
and  length  of  bones  as  myself. 

(c).  The  cross  sections  of  the  muscles  of  the  arms  and 
legs  were  measured  on  a  blacksmith  who  had  died  of  cholera, 
and  who,  when  living,  was  a  much  more  muscular  man  than 
myself,  with  probably,  also,  a  greater  developement  of  muscles 
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of  arm  than  of  leg.  It  is  very  difficult  to  obtain  exact  results 
from  observations  necessarily  involving  so  many  sources  of 
error ;  and  yet  I  venture  to  think  that  the  mean  of  my  two 
sets  of  observations  cannot  be  far  from  the  true  cbntractile 
force  of  the  muscles : — 

Coefficient  of  flexors  of  aryn,     .     .      94.7  lbs. 
Coefficient  of  flexors  of  leg,       .     .     110.4  „ 

Mean,    .    .    .    loa.ulbs. 

It  has  been  already  stated,  on  the  authority  of  Donders 
(p.  2),  that  the  cross  -section  of  the  flexors  of  the  forearm  con- 
tains 798000  muscular  fibres,  having  each  a  diameter  of  j^xfth 
of  an  inch ;  from  which  number,  and  the  preceding  data,  we 
may  readily  find  in  grains,  the 

Muscular  force  of  con-  \ 

_     .         f        -if       3.190  X  102.cc  X  7000 

traction  of  a  smgle  >   «  €. — c _^j£ — i .  2.87  grs. 

muscular  fibre,  ' 

Other  observers  have  found  coefficients  for  he  force  of 
human  muscles,  referred  to  the  unit  of  cross  section,  which 
difler  somewhat  from  the  coefficient  deduced  above. 

Weber  mdide  som^  experiments  on  this  subject,  from  which 
he  deduced  the  force  of  gastrocnemius  and  aolcBue  to  be 

I  kilogram  per  i  sq.  centimeter. 

Henke  and  Knorz  corrected  the  calculation  of  Weber,  and 
found  that  his  result  should  have  been 

4  kilograms  per  sq.  centimeter. 

Their  own  experiments  gave  for  the  biceps^  brachialis  inter- 
nuSy  and  supinator  longus^  of  the  right  arm — 

8.991  kilograms  per  sq.  centimeter; 

and,  for  the  mean  of  the  two  arras, 

8.187  kilograms  per  sq.  centimeter. 
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Similar  experiments  made  on  the  gustroenemiuB  and  soknu 
gave  them 

5.Q  kilograms  per  sq.  centimeter. 

Koster  has  recently  published  (in  the  Nederlandsch  Arehief 
voar  Genees  en  Natuurkunde)  an  account  of  similar  experi- 
ments, from  which  he  deduces,  from  the  gastroenendui  and 
aolcBuSf 

1 1.6  kilograms  per  centimeter, 

which  number  he  afterwards  reduces  to 

9.5  kilograms  per  centimeter. 

The  preceding  observations,  collected  together,  give  us 
the  following  results  :— 

1.  Flexors  of  army  .     .     8.991  kilos,  per  centr.  (Henke). 

2.  }9        >}         •     •    8.187  « 

Mean,      .     .    8.689 


1.  Extensors  of  foot,    .       5.90  kilos,  per  centr.  (Henke) 

2.  „        n  11.60  „  (Roster). 

Mean,      .     .      8.7B 


My  own  results,  converted  into  French  measures,  are, 

Flexors  of  arm^       .     .       6.67  kilos,  per  centimeter. 
Flexors  of  leg,     .     .     .       7.78 


>>  >> 


Mean,  7. 


The  mean  of  all  the  observations  made  by  Henke  and  Koster, 
on  the  muscles  of  the  arm  and  foot,  gives  — 

Coefficient  of 
contraction 


y  =  8.669  kil.  per  centr.  =  123.04  lbs.  per  sq.  in. 
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I  belieye  that  the  difference  between  this  result  and  that 
found  by  me,  viz.  loa.U  lbs.  per  inch,  is  a  real  difference 
arising  from  the  fact  that  these  observers  used  the  cross  sec- 
tions of  muscles  as  they  occur  in  ordinary  dead  bodies, 
whereas  I  took  care  to  use  the  cross  sections  of  muscles  in  a 
strong  man,  who  had  died  quickly  by  cholera,  and  in  whom  I 
supposed  the  muscles  would  be  found  in  a  state  more  nearly 
approaching  that  in  which  they  occur  in  the  living  body. 

If  we  compare  the  cross  sections  of  the  bieepa  and  bra- 
ehioBUB  found  in  ordinary  dead  bodies  by  Donders  and  Mans- 
felt  (p.  65)  with  those  employed  by  me  (p.  63),  we  find — 

Cross  Sections  of  Muscles  of  Arm, 

Donden  and  Mansfelt.  Haughton. 

Biceps  hinneri,     .     .     1.522  sq.  in.         1-914  sq-  in. 
BrachuBus^      •     .     .     0.952     „  1.276      „ 


2.474  3.190 


If  we  wish  to  ascertain  the  coefficient  of  muscular  con- 
traction per  square  inch  of  cross  section  of  living  muscle,  we 
must  alter  the  coefficient  of  force  per  square  inch  of  cross 
section  of  dead  and  wasted  muscle  in  the  proportion  of  2474  to 
3190.  This  will  give  us,  as  the  coefficient  of  living  muscle, 
from  the  experiments  of  Henke  and  Koster, 

Coefficient  of  contraction  1    123.04  x  2474       .       ,, 

^,.  .  ,  >    — —  -  95.49  lbs.  per 

of  hvmg  muscle,  J  3190  sq.  inch 

This  result  comes  very  near  that  found  by  me  as  the  co- 
efficient of  the  flexors  of  the  forearm,  viz.  94.7  lbs. 

I  have  proved  (pp.  42,  43)  that  the  same  muscles,  when 
moderately  worked,  give  out  equal  quantities  of  work  before 
becoming  fatigued ;  but  this  statement  requires  to  be  modi- 
fied, when  applied  to  the  amount  of  work  performed  suddenly 
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by  a  muscle,  during  a  single  contraction.  When  human 
muscles  are  moderately  used,  their  maximum  force  per  square 
inch  of  cross  section  is  found  to  be  : 

102.55  or.  lbs,  per  sq.  tn.,  or  7.225  kilos. per  eg.  centimeter; 

but  the  muscles  of  all  animals  are  capable  of  being  stimulated 
for  a  time  to  perform  an  amount  of  work  much  greater  than 
that  done  under  ordinary  circumstances. 

The  following  results,  obtained  by  Matteucci  and  Helm- 
holz,  from  experiments  made  upon  the  muscles  of  the  calf  of 
the  frog,  exhibit  this  principle  very  clearly.  It  will  be  ob- 
served that  the  total  work  done  in  a  single  contraction  of  the 
muscle  increases  with  the  weight  it  is  compelled  to  lift. 


Table  IX. —  Work  done  in  a  Single  Contraction  by  t/ie  Grastro- 
cnemic  Muscles  of  the  Leg  of  a  Frog- 


Weight  lifted. 

Height 

Work  done. 

Ohsenrer. 

I*. 

a". 

3'. 

4'. 

5-- 

10.32  grms. 

40.3a     » 

70.3*     „ 
100.32     „ 

180.32     „ 

1.41a  mrn. 
1.270    „ 

'.<3o    „ 
0.840    „ 

0.765     *> 

14.5? 
51.21 

79.46 

84.27 

137.94 

Matteucoi 

»» 

» 
Hclmbolz. 

1 

The  most  complete  series  of  experiments  on  the  gastro- 
cnemius of  the  frog  are  those  made  by  Mr.  Baxter,  who  found, 
as  the  result  of  the  examination  of  60  frogs,  of  whom  26  were 
females — 

Total  weight  of  muscles,  262  grs. 

Total  weight  lifted,      .     ,     .    159360  grs. 

From  these  experiments  we  find  the  average  force  of  the 
frog's  gastrocnemius — 

159360 


60 


2656  grs.  =  172. 1 1  grms. 
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Other  observers  (Rosenthal)  have  found,  as  the  maximum 
force  of  the  gastrocnemic  muscles  of  the  frog,  from  looo  to 
i2oogrms.,  corresponding  to  a  coefficient  of  contraction  of 
muscle,  per  centimeter  of  cross  section,  of  from  1.8  to  3 
kilograms  per  square  centimeter. 

Mr.  Baxter's  average  result  given  above  corresponds  to  a 
similar  coefficient  per  square  centimeter  of  only  371*51  grms. 

Borelli  has  given*  many  estimates  of  the  force  of  the  flexors 
of  the  forearm,  leg,  jaw,  and  other  muscles  ;  but  as  these  esti- 
mates are  open  to  several  objections,  as  well  as  his  measure- 
ments of  the  lengths  of  the  arms  of  the  levers  engaged,  I  must 
refer  the  curious  reader  to  his  original  Propositions,  which 
may  be  justly  regarded  as  a  remarkable  attempt,  considering 
the  imperfections  of  the  mechanical  philosophy  of  his  time, 
to  anticipate  the  more  precise  results  demanded  of  animal 
mechanics  in  our  own  day.  The  following  remarks  may  be 
made  upon  Borelli's  observations  : — 

1.  He  has  not  been  sufficiently  careful  to  avoid  the  action 
of  muscles  difierent  from  those  supposed  to  be  exclusively 
employed. 

2.  He  has  not  measured,  with  sufficient  care,  the  arms  of 
his  levers. 

3.  He  has  committed  the  common  error  of  doubling  the 

*  De  Motu  AniTnaliam  Pars  prima,  Props,  xxii  .  .  .  xxvii.  Props,  xl. 
zlL  liiL  Ixzxrii.  IxxxviiL — Rome:  1680.    a  toIs.  Syo. 

I  assume  the  pound  used  by  Borelli  to  be  5000  grs.,  for  the  following  rea- 
sons:— 

The  (kntaro  pieeolo  is  106  lbs.  av.,  or  150  lbs.  of  12  oz.  each ;  this  would 
give  4957  grs.  to  the  Neapolitan  pound. 

Gold  and  silver,  in  the  time  of  Borelli,  were  weighed  by  a  pound  of 
4950  grs. 

The  Roman  pound  was  5234  grs. 

There  is  some  difficulty  in  ascertaining  what  pound  was  used  by  Bo- 
relli, but  it  is  clear  that  it  did  not  differ  much  from  5000  grs.,  and  was  there- 
fore fths  of  the  pound  avoirdupois. 
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tension   of  the  muscle,   which   resembles  the  tension  of  a 
stretched  cord. 

4.  He  has  misunderstood  the  mechanical  conditions  of 
equilibrium  of  a  many-jointed  lever,  or  funicular  polygon. 

5.  From  not  being  acquainted  with  the  composition  of 
forces,  he  has  misunderstood  the  action  of  penniform  and  ra- 
diating muscular  fibres. 

Errors  i  and  2  may  be  regarded  as  errors  of  observation ; 
but  3,  4,  and  5,  are  mechanical  blunders ; — and  I  have  there- 
fore calculated  the  following  forces  from  Borelli's  experiments, 
correcting  all  his  erroneous  mechanical  inferences.  These 
forces  may  be  regarded  as  Borelli's  results,  including  errors  of 
observation  only : — 

Table  X. — BorelKa  Observation  of  Force  of  Muscles* 


I.  Biceps  humeri  and  Braehietue  (Prop.  zxiL),  . 

a.  Biceps  humeri  (Prop,  xxiy.), 

3.  Brachieeue  (Prop,  xxiy.), 

4.  Bieepe fcmoriiyGracilitf  8emimembranotu»^  andStmi- 

tendinoeue  (Prop,  zxyii), 

5.  Vastut  extemue  etintemue,  Orkraua,  (Trop.  il.)f     . 

6.  8olau$  (Prop,  xli.),      ....  .... 

SoUeuM  rhorse)  (Prop.  xlL  scholium) 3000 

SoUeus  fswan)        do.  do.,        

7.  OluUei  (Prop,  liii), 

8.  Solaus  (Prop,  liii.), 

9.  Fiexor  poliicis  lonffus  (Prop,  Itxtvi,), 

I  a  Temporaies  et  masseteres  (Prop.  Ixxxviii.),     . 


400  lbs.  ar. 

a  14 
186 

678 
814 

407 

000 

80 

691 

361 

43 
180 

6.  On  the  ComparatlTe  Anatomy  of  the  Tendons  of  the  Hand 
and  Foot,  and  their  Meohanioal  Uses. — The  maximum  force 
exerted  by  muscles  has  been  shown  in  the  preceding  section 
to  be  proportional  to  the  cross  sections  of  those  muscles,  and  to 
amount  to  upwards  of  100  lbs.  av.  per  square  inch  of  section. 
The  relative  values  of  the  maximum  efforts  resisted  by  the  ten- 
dons of  the  various  muscles  may  be  more  readily  ascertained  by 
comparing  together  the  cross  sections  of  their  several  tendons 
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instead  of  the  cross  sections  of  the  muscles  themselves.  As  the 
cross  sections  of  both  muscles  and  tendons  must  be  measured 
after  death,  and  as  it  is  not  always  convenient  to  kill  subjects 
suitable  for  observation,  it  is  obvious  that  the  tendons,  which 
are  less  liable  to  be  wasted  by  natural  disease  than  the  muscles, 
are  capable  of  affording  most  valuable  relative  measure- 
ments, if  we  are  allowed  to  assume  that  the  cross  sections 
of  the  tendons  are  proportional  to  the  forces  resisted  by 
them. 

It  may  be  readily  shown,  a  priori^  that  this  must  be  the 
case,  by  means  of  the  following  considerations: — 

The  principle  of  economy  of  force,  or  of  material,  in  nature, 
would  lead  necessarily  to  the  principle  that  each  tendon  con- 
veying the  effect  of  a  force  to  a  distant  point  should  have  the 
exact  strength  required,  and  neither  more  nor  less  ;  for,  accord- 
ing to  the  doctrine  of  Final  Causes,  it  was  originally  contrived 
by  a  perfect  Architect,  and  according  to  Lamarckian  views  it 
must  have  perfectly  accommodated  itself  to  the  uses  to  which 
it  is  applied.  According,  therefore,  to  either  view,  if  the  ten- 
don be  too  strong,  it  will  become  atrophied  down  to  the  proper 
limit ;  and  if  too  weak,  it  must  either  break,  or  be  nourished 
up  to  the  requisite  degree  of  strength.  It  seemed  to  me  de- 
sirable to  prove  this  fundamental  proposition  in  animal  mecha- 
nics by  direct  observation ;  and  I  selected  for  this  purpose 
the  tendons  in  the  leg  of  several  of  the  large  running  birds 
(StrtUhionidcB),  with  the  result,  that  the  cross  sections  of  any 
two  muscles  tending  to  produce  a  similar  effect,  and  subjected 
to  similar  friction  in  their  tendons,  are  directly  proportional 
to  the  cross  sections  of  those  tendons. 

I  shall  select  as  an  example  the  case  of  the  Flexor  haUucis 
hnguB  and  Flexor  digitorum  communis  perforans  of  the  Ehea, 
whose  tendons  unite  into  a  common  tendon  half  way  down 
the  posterior  side  of  the  cannon  bone  of  the  bird. 

The  areas  of  the  cross  sections  of  these  muscles  were  found 
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to  be  as  245  to  160;  or  the  lesser  was  65  per  cent,  of  the 
greater. 

Two  equal  lengths  of  the  dried  tendons  were  then  weighed, 
and  found  to  be  in  the  proportion  of  845  to  495,  which  was 
assumed  to  be  the  proportion  of  their  cross  sections.  The 
lesser  of  these  numbers  is  59  per  cent,  of  the  greater;  a  re- 
sult that  seems  to  be  as  near  to  the  former  resiilt  derived 
from  the  muscles  as  can  be  expected  in  this  class  of  experi- 
ments. 

A.  Comparative  Anatomy  of  the  Tendons  of  the  Foot. 

The  flexor  muscles  of  the  toes  which  we  have  to  compare 
are  three  in  number,  viz. : 

Flexor  hallucU  longus. 
Flexor  digitorum  longtis. 
Flexori  longo  accessorius. 

This  latter  muscle,  when  it  exists,  always  acts  as  a  guy 
or  force  directing  the  line  of  force  of  the  long  flexor  of  the 
toes;  but  in  many  animals  it  is  absent,  if  the  tendon  of  the 
long  flexor  does  not  require  to  be  assisted  to  keep  in  the 
proper  direction.  The  accessory  muscle  seems  also  to  serve 
as  an  addition  to  the  force  of  the  Flexor  halluds^  whenever 
the  tendon  of  this  muscle  unites  with  that  of  the  long  flexor 
of  the  toes  ;  for  the  fibres  of  the  accessory  are  parallel  to  the 
tendon  of  the  Flexor  halluciSy  and  pass  into  it,  uniting  it  with 
the  tendon  of  the  Flexor  longtts  by  means  of  broad  slender 
sheets  of  fibres.  I  have  found  the  following  arrangement  of 
tendons  in  various  animals : — 

(a.)  Man. — In  the  human  foot,  the  Flexor  halluds,  gene- 
rally, has  a  tendon  that  divides  into  two  branches,  the  largest 
ol'  which  forms  the  flexor  tendon  of  the  great  toe,  while  the 
smaller  branch  proceeds  to  form  a  portion  of  the  flexor  tendon 
of  the  second  toe.  The  long  flexor  of  the  toes  has  a  tendon 
branching  into  four  parts,   and  crosses  the  flexor  tendon  of 
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the  hallux  at  an  angle  of  24°.     The  four  branches  of  the  long 
flexor   tendon  are  distributed  to  the  eecond,  third,    fourth, 
and   Gflh   toes ;    that  which  goes  to  the 
•econd  toe  uniting  with  the  lesser  branch 
of  the  haiba  tendon  to  form  the  flexor  of 
the  second  toe. 

This  arrangement,  which  is  subject  to 
manj  variations,  is  shown  in  Fig.  4,  which 
represents  the  tendons  seen  from  below, 
in  the  sole  of  the  foot,  but  displaced  from 
their  natural  positions  in  order  to  exhibit 
their  mechanical  arrangement. 

Example,No.  i. — In  order  to  obtain  the 
relative  strengths  of  the  various  tendons, 
1  weighed  equal  lengths  of  those  tendons, 
with  the  following  results :  fia.  ^ 


In  the  sole  of  foot. 

Flexor  hallucis  longus, 27 

Flexor  digitorum  longusj 36 

Total,       .     .  53 

In  the  toes. 

1.  First  toe 27 

2.  Second  toe, 10 

3.  Third  toe, la 

4.  Fourth  toe 8) 

5.  Fifth  toe, 8i 

Total,       .     .  66 


It  will  be  observed  that  the  sum  of  the  cross  sections  of 
the  tendons  actually   distributed  to   the   toes    exceeds   the 
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sum  of  the  cross  sections  of  the  two  great  flexor  tendons  at 
the  heel,  the  chief  increase  taking  place  in  the  tendons  of  the 
flexor  digitomm  longus:  This  increase  is  due  to  and  represents 
the  force  exerted  by  the  accessary  muscle,  which  joins  the 
flexor  digitomm  at  its  point  of  subdivision  into  the  tendons 
of  the  separate  toes. 

The  relative  strengths  of  the  tendons  are,  therefore, 

1.  Flexor  hallucis  lotiffuSf  ...     41  percent. 

2.  Flexor  digitorum  longus^    .     .     40 

3.  AccessoriuSj 19 


>9 


Total}     .    .       100 


If  the  whole  force  employed  in  flexion  be  called  100,  as 
above,  it  will  be  distributed  to  the  toes  in  the  following  pro- 
portions : — 

1.  First  toe, 41  per  cent. 

2.  Second  toe,       .    ...     .     .  15 

3.  Third  toe, 18 

4.  Fourth  toe, 13 

5.  Fifth  toe, 13       „ 

Total,  .     .     .     100 


ExampUy  No.  2. — In  this  case,  also,  the  Flexor  halluds  was 
found  to  supply  the  whole  tendon  of  the  first  toe  and  part  of  the 
tendon  of  the  second  toe ;  while  the  Flexor  digitorum  supplied 
the  remaining  portion  of  the  second  toe  and  the  whole  tendons 
of  the  third,  fourth,  and  fifth  toes. 

The  relative  strengths  of  the  several  tendons  were  ascer- 
tained to  be — 
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1 .  First  toe, 41  per  cent. 

2.  Second  toe, 18       „ 

3.  Third  toe, 17       „ 

4.  Fourth  toe, 15       „ 

;.  Fifth  toe, 9      „ 

Total,  .     .     .  100 

I.  Flexor  Juillucis  longuSf     .     .  47  per  cent. 

2-  Flexor  digitorum  longiUf  .     .  36       „ 

3.  Acceesorius^ 17      „ 

Total,  .     .     .  100 


»9 


Example^  No.  3. — This  case  resembles  the  two  preceding 
in  the  distribution  of  tendons,  the  relative  strengths  of  which 
were  found  to  be  as  follows, 

1.  First  toe, 37  per  cent. 

2.  Second  toe, 17 

3.  Third  toe, 17 

4.  Fourth  toe, 15       „ 

5.  fifth  toe, 14       „ 

Total,  .     .     .     100 

1.  Flexor  hallucie  longxiSy      .     .41  percent. 

2.  Flexor  digitorum  communis^ .       38 

3.  AccessoriuSi 21 


Total,  .     .     .     100 


Example^  No.  4. — In  this   case  the  flexor  hallucis  sup- 
plies the  whole  of  the  tendon  of  the  first  toe,  and  part  of  the 
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tendons  of  the  Becond  and  fiflb  toes  (fig.  ;) ;  while  the^Eaor 
digitorum  lemgua  supplies  the  whole  tendons  of  the  thiard  and 
fourth  toes,  and  the  remuning  parts  of 
the  tendons  of  the  second  and  fifth  toes. 

This  arrangement  is  shown  in  the  par-  &' 
tially  displaced  tendons  of  Fig.  5. 

The  relative  strengths  of  the  several 
t«ndons  were  found  to  be  as  follows  : — 

1.  First  toe,    .     •     47  per  cent. 

2.  Second  toe, 

3.  Third  toe,  . 

4.  Fourth  toe, 

5.  Fifth  toe,    . 

Total,     . 


1 .  Flexor  hallucis  lonfftu,     ,     , 

2.  flexor  digitorum  communis, .  41 

3.  Accetiorita, 17 

Total,         ,     .  100 


Example,  No.  5.— In  thb  case  the  flexor  hallucis  supplies 
the  first  toe,  the  second  toe,  and  part  of  the  tendons  of  the  third 
and  fourth  toes ;  while  the  flexor  digitorum  commutaa  supplies 
the  remaining  parts  of  the  tendons  of  the  third  and  fourth  toes, 
and  the  whole  tendon  of  the  fifth  toe ;  sending  also  a  small 
branch,  previous  to  its  own  trifurcatiou,  to  the  tendon  proper 
ofthe  first  toe.  This  arrangement  of  tendons  is  shown  in 
Fig.  6,  and  is  a  deviation  from  the  human  type,  in  which  the 
whole  tendon  of  the  first  toe  is  usually  supplied  by  a  single 
muscle,  viz.,  the  flexor  hallucit  lotigut. 


AKIIIAL  HECHAMICS.  81 

The  TelaUve  strengths  of  the  several  tendona  in  this  cose 
were  found  to  be  as  follows : — 

1.  First  toe, 39  per  cent 

2.  Second  toe,       .     .     ■     •     15 

3.  Third  toe, i; 

4.  Fourth  toe,       ....     19 

5.  Rfth  toe, la 


I .  FUwor  hatlucia  longut,    .    46  per  cenL 
2-  flexor  digitorum  longui,      47         „ 
3.  Aeee»toriut,4^ 7        ,t 


If  we  collect  together  (disregarding 
the  differences  of  distribution  of  tendons) 
the  foregoing  examples,  we  find — 

Table  XI. — Long  FUxon  in  Foot  of  Man. 


NIL 
pa«t. 

No.  S. 
tar  unt. 

Ko.  1. 

per  ccsl. 

Mo.  4. 

pWMBt 

No.  ». 

pwtmt. 

I.  Knttoe,      . 
1.  Sooondtoe,   . 

3.  Third  toe,     . 

4.  Fourth  toe,  . 
J.  Fifthto.,      . 

4' 

;i 

'3 

13 

9 

37 
17 
17 

47 

39 
'S 
IS 
'9 

14.6 

IJ.O 

100 

100 

,00 

■00 

■00 

100 

1.  FL  h^, .     . 
1.  FL  dig,,  .    . 

4' 

40 
'9 

36 

3« 

4> 

41 

'7 

4<5 
47 

7 

43-4 
40.4 
16.1 

.CO 

'~ 

.00 

100 

100 

*  It  is  vail  known  tlutt  the  pnuiie  hunten,  od  ■oft  ground,  alirBy*  turn 
thnr  feet  well  inwuda,  in  order  to  oompel  the  imaller  toei  to  take  theii  dus 
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The  distribution  of  the  flexor  tendons  of  the  foot  has  been 
carefully  studied  by  Mr.  Turner  ("  Trans.  R.S.Edin."  vol.  zxiy, 
p.  i8i),  with  the  following  results: — Out  of  fifly  feet  dis- 
sected, iiiQ  flexor  hcUltuns  gave  off  a  slip;  to  the  second  toe 
only^  in  eleven  instances ;  to  the  second  and  third  toes  only, 
in  twenty  instances;  to  the  second,  third,  and  fourth  toes 
only,  in  eighteen  instances  ;  and  in  one  instance  it  gave  slips 
to  the  second,  third,  fourth,  and  6fth  toes. 

The  flexor  digitarum  longus,  in  nine  instances,  gave  off  a 
slip,  previous  to  its  subdivision,  to  the  flexor  tendon  of  the 
hcdlux. 

Flexor  halliuns  of  Man  (Turner). 

lofltanoeB.    Per  cent. 
I .  Slip  to  long  flexor  of  second  toe  only,     .11.22 

2*  Do.  second  and  third  toes  only,      ...     20     .     40 

3.  Do.  second,  third,  and  fourth  toes  only,  .     18     .     36 

4.  Do.  second,  third,  fourth,  and  fifth  toes,         i     .       2 

Total,     ...     50        100 

Prof.  Schultze,  of  Rostock,  also  (Zeitschrift  filr  wissen 
schaftlichcn  Zoologic  XVII.,  i.)  has  published  the  results  of 
a  similar  examination  of  100  human  feet,  as  follows — 

Flexor  hallucis  of  Man  (Schultze). 

1.  Slip  to  long  flexor  of  second  toe  only,     .     32  per  cent. 

2.  Do.  second  and  third  toes  only,     ...     58        „ 

3.  Do.  second,  third,  and  fourth  toes  only, .     10 

4.  Do.  second,  third,  fourth,  and  fifth  toes,        o 

Total,     .     .     .     

100 


share  of  the  work  of  grasping  the  ground  in  walking ;  if  this  precaution  be  ne- 
glected, it  is  found  that  great  fatigue  is  caused,  on  a  long  march,  in  the  flexor 
masde  of  the  hallux,  which,  when  the  toes  are  turned  outwards,  is  oompelled 
to  do  neerljr  the  whole  work  required. 
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He  found  also,  that  in  twentj-nine  instances  the  jUxor 
digitcrum  longm  sent  a  slip  to  the  tendon  of  the  hallux^  and 
that  this  occurred  most  frequently  in  the  cases  in  which  the 
flexor  haUuciB  sent  slips  to  the  second,  third,  and  fourth  toes, 
as  if  to  compensate  for  the  loss  of  power  thus  oocasioned  in 
the  hallux. 

li  y  denote  the  force  applied  by  a  muscle  to  one  extre- 
mity of  a  tendon,  and  P  denote  the  force  conveyed  to  its 
other  extremity,  or  insertion,  the  forces  P'  and  P  will  be 
equal,  if  the  tendon  experiences  no  fnclion  in  passing  from 
the  muscle  to  the  insertion  of  the  tendon ;  but  P  will  exceed, 
or  (all  short  of  P,  by  a  force  equal  to  the  friction  Fy  accord- 
ing as  the  muscle  overcomes  an  external  resistance,  or  external 
forces  overcome  the  resistance  of  the   muscle.     We  shall, 

therefore,  have 

P-^P  +  F  (is) 

in  the  two  cases  supposed. 

In  both  cases  P'  is  proportional  to  the  cross  section  of  the 
muscle,  or  inherent  force  of  muscular  contraction ;  and  P, 
which  represents  the  external  force  applied,  must  always  be 
less  than  the  force  sufficient  to  break  the  tendon.  Solving 
the  foregoing  equation  for  P,  we  find 

P^P  TF\ 
from  which  it  follows,  that  the  safety  of  the  system  requires  the 
tendon  to  be  made  always  strong  enough  to  resist  the  force 
P  +  P,  or  the  sum  of  the  muscular  force  and  friction  combined. 

Hence  it  follows  that  the  cross  section  of  the  tendon  -will 
always  indicate  a  strength,  sufficient  not  only  to  resist  the 
force  of  the  muscle,  but  the  sum  of  that  force  and  the  friction 
experienced  by  the  tendon. 

In  order  to  ascertain  the  proportion  of  the  cross  section 

(or  force)  of  a  given  muscle,  to  the  cross  section  (or  strength) 

of  its  tendon,  I  obtained  permission  from  Professors  Morgan 

and  Bevan,  of  the  Royal  College  of  Surgeons  in  Ireland,  to 

g2 
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make  use  of  the  right  arm  and  hand  of  a  well-developed  sub- 
ject (male)  brought  into  the  dissecting  room  of  that  College, 
in  March,  1868. 

I  first  ascertained  the  specific  gravities  of  muscles  and 
tendons,  with  the  following  results : — 

Muscles. 

Sp.  Gr. 

Biceps  humeri^ 1.050 

,1  M  1-054 

BracliiceuSy '•053 

Mean,     .     .     .   1*0523 

Tendons, 
Scapular  tendon  of  biceps^  .     .      i .  1 1 2 
Radial  tendon  of  biceps^     ,     .      i .  1 1 9 

Mean,    .     .     .      1.U65 

From  these  data  it  was  easy  to  determine  the  cross  sec- 
tion of  either  muscles  or  tendons,  by  weighing  a  known  length 
of  either  one  or  other.  The  following  Table  was  thus  readily 
constructed : — 

Table  XII. — Cross  Sections  of  Muscles  in  an  Adult  Human 

Male  Std)ject. 


Muscle. 


1.  Biceps  humeri,      .     . 

2.  Palmaris  longus,  .     . 

3.  Ext.  carp.  rad.  longr., 

4.  Ext  carp.  rad.  brevr., 

5.  Bicepa  humeri  (long 

head),     .... 

6.  Fl.  polUcis  long., .     . 

7.  FL  carp,  rad., .  .  . 
X  Ext.  carp,  uln.,  .  . 
9.  FL  digit,  subl.,     .     . 

10.  Fl.  dig.  prof.,   .     .     . 

11.  Ext  088.  met  poll.,  . 

12.  F.  carp,  uln.,  .     .     . 

1 3.  Brachialis  anticua, 


Weight  of 
Muscle. 


3.48  oz.  av. 
0.22      „ 
1.26      „ 
0.81      „ 


0.44 

0.53 
0.58 

2.21 

2.74 

0.52 

0.83 

3»3 


it 

>l 

I» 

f 

»f 

»» 

*> 

»f 


Length  of 
Muscle  used. 

Weight  of 
Muscle  used. 

3  inches. 

713.8  grs. 

1  „ 

2  „ 

39-4  ., 
3«o-6  1. 

2       „ 

a>5-3  » 

5       M 

503-9  ». 

I       ,, 

60.6  „ 

I                 „ 

124.6  „ 
56  5  ». 

2          „ 
2          tt 

328.4  „ 
408.2  „ 

2          „ 

II 8.7  „ 

2          „ 

i3    „ 
1 

97.0  „ 
736.0  „ 

CroM  Sectioo. 


0.89;  sq.  in. 
0.148 
0.584 
0.405 

0.379 

0.228 
0.234 
0.212 
0.618 
0.768 
0.223 
0.182 
0.923 
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Table  XIII. — Cross  Sections  of  Tendons  in  an  Adult  Human 

Male  Suftject. 


Tendon. 

Length  lued. 

Weight 

CroM  Section. 

I.  Biceps    humeri     (radial^ 
tendon) / 

2  inches. 

17.87 

grs. 

0.0317  sq.  in. 

a.  PalmarU  kmgns,    .     .    . 

>i 

6.3 

»» 

o.ooj'i     „ 

3.  Ext.  carp.  rao.  longr.,    . 

fl 

3»-4 

If 

0.0213     „ 

4   £zt  carp.  rad.  brevr.,     . 

99 

18.6 

ti 

0.0220     „ 

5.  Bicepa  humeri  (scapular) 

» 

17.90 

n 

0.0212     „ 

0.  FL  pollicifl  long., 

» 

8.2 

*> 

0.0145        »9 

7.  PL  carp,  fad.,  . 

»» 

»3' 

»» 

0.0155      n 

8.  Ext  carp,  uln., 

t> 

5.6 

»f 

0.0199      „ 

9.  Fl.  digit  subl.. 

*> 

37-5 

f» 

0.0665      „ 

10.  FL  digit  prof, 

» 

5»-3 

n 

0.0928      „ 

1 1.  £zt  CBS.  met  poll. 

.,    .    . 

»» 

16.3 

» 

0.0289      >• 

12.  FL  carp,  uln.,  . 

>f 

«4-3 

>i 

0.0254     *> 

13.  FL  dig.  long,  ped., 

14.  Fl.  hallucis  long., 

•  • 

•  • 

•   • 

0.0240      ,^ 

.    .    . 

.  • 

•  • 

•  • 

•   • 

0.0260      „ 

The  cross  sections  of  the  tendons  of  the  foot,  Nos.  13, 
14,  are  estimated  from  the  dried  tendons  of  the  subject 
No.  I,  Table  XI.  (figured  in  page  77),  by  a  process  some- 
times usefully  employed  in  these  investigations.  The  tendon 
is  dried  at  212**  F.  and  weighed,  and  from  that  weight  the 
original  cross  section,  when  quite  fresh,  estimated  as  follows  : 

A  portion  of  the  tendon  of  the  gastrocnemius  muscle  of  a 
large  Pyrenean  mastiff  weighed,  when  quite  fresh,  21.25  grs., 
and  when  dried,  at  212^  F.  weighed  9.1  grs.  From  this  ex- 
periment we  may  infer  the  quantity  of  solid  matter  and  water 
in  fresh  tendon — 


Solid  matter,  . 
Water,       .     . 


42.8  per  cent. 
57-2      ". 


1 00.0 


I  found  also,  by  careful  measurcmcut  of  the  cross  sections 
of  perfectly  firesh  tendons,  that  a  tendon  originally  one  inch  in 
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length,  and  weighing,  when  dried  at  212®  F.,  five  grains,  had 
an  original  cross  section  of  0.0401  sq.  inches. 

If  we  unite  Tables  XII.  and  XIII.  into  one  Table,  show* 
ing  the  proportion  between  the  cross  sections  of  the  muscles 
and  their  tendons,  we  obtain  the  following  results : — 


Table  XIV.— iZo^  of  Cross  Section  of  Muscle  to  that  of 

Tendon  in  Man, 


MiMcIe. 


I. 
a. 

3- 

4- 

5- 
6. 

7. 
8. 

9- 
10. 

II. 

12. 

'3- 


Biceps  humeri,  .  .  . 
Palmaria  longus,  .  . 
Ext.  carp.  rad.  long.,  . 
Ext  carp.  rad.  brev.,  . 
Bicepa  humeri  (long  head), 
FL  poll,  long.,  .  .  . 
Fl.  carp,  rad.,  .  .  . 
Ext.  carp,  uln.,  .  .  . 
Fl.  dig.  Bubl., .... 
Fl.  dig.  pro£,  .... 
Ext  088.  met.  poll.,  .  . 
FL  carp,  uln., .... 
Brachisiis,      .... 


Ratio  of  CroM 
SecUoo  of  11  osck 
to  that  of  Tendon. 


28.2 
26.4 
26.2 
18.4 
18.0 

«5-7 
15  I 
10.7 

n 

7-7 
7.2 


Force  of  Mnacle. 


91.78  lbe.aT, 

15- » 8       .» 

5989      1. 

4»-53 
38.86 

13.38 
24.00 

21.74 

6338 

78.7^ 
22.87 

18.66 
94.65 


i» 


ff 


»f 

*f 


•I 


From  an  examination  of  the  foregoing  Table,  it  is  evident 
that  the  muscles  lyhich  experience  least  resistance  have  the 
largest  coefficient  of  cross  section  as  compared  with  their  respec- 
tive tendons.  Thus  the  bicepa  humeri  has  a  coefficient  of  28.2  as 
compared  with  its  radial  tendon,  and  a  coefficient  of  1 8.0  only, 
as  compared  with  its  scapular  tendon,  which  is  exposed  to  the 
friction  of  the  head  of  the  humerus.  Again,  the  exi,  oss,  met. 
poll.,  whose  tendon  winds  round  the  radius^  and  has  the  duty 
imposed  on  it  of  binding  down  the  tendons  of  the  radial  ex- 
tensors of  the  wrist,  has  the  coefficient  of  7.7,  as  compared 
with  26.2  and  18.4,  the  coefficients  of  the  comparatively  free 
tendons  of  those  extensors. 
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If  we  solye  equation  (15)  for  F,  the  friction  experienced, 
we  aliall  haye 

where  P  denotes  the  strength  of  the  tendon  necessary  for 
safety,  and  P'  denotes  the  actual  force  of  the  muscle. 

Assuming,  for  the  present,  that  the  cross  section  of  the 
free  muscle  is  to  the  cross  section  of  the  free  tendon  in  the 
proportion  of  28.2  :  i,  as  in  the  case  of  the  biceps  humeri  and 
its  radial  tendon,  we  find  the  following  frictions  for  the  several 
muscles  : — 

Table  XV. — Comparison  of  the  Strength  of  Tendon^  the 
Force  of  Muscle^  and  the  Force  consumed  in  Friction,  in 
several  Muscles  of  Man. 


Moflde. 

P 

StnmKthof 

P' 

Force  of 

F 
Friction. 

Friction,  Ac, 

Tendon. 

Mnade. 

Ac 

per  cent. 

I.  Biceps,      .... 

91.78  Ibe. 

91.78  lbs. 

0.00  lbs. 

0.0  percent. 

2.  Palmaris  long.,    .     . 

16.19    „ 

'5.'8  »« 

I.OI     „ 

6.2       „ 

3.  Ext  carp.  Tad.  long., 

64.49    >» 

5989  „ 

4.60    „ 

7.1       n 

4.  Ext.  carp.  rad.  brev., 

63.61    „ 

4«  53  >i 

22.09    „ 

34.7            M 

5.  Biceps  humeri  (long) 

head!     ...    .5 

6.  FL  polL  long.,    .     . 

61.3'    ., 

38.86  „ 

»»-45    M 

36.6       „ 

4».93    .» 

»3-38  » 

18.55    » 

44-2       „ 

7*  FL  carp,  rad.,     . 

44.82    „ 

24.00  „ 

20.82    „ 

46.4       „ 

8.  Szt.  caip.  uln.,  . 

57.55    »i 

*i-74  i> 

35.81    „ 

62.2       „ 

9.  FL  dig.  nibL,      .    . 

»92-3'    u 

63.38  >i 

128.93    „ 

67.0       „ 

10.  FL  dig.  pxx)f.,     .    . 

^68.37    „ 

78.76  „ 

'89.61    „ 

70.7         n 

1 1.  Ext.  00s.  met  poll., 

83.56    „ 

22.87  >» 

60.69    i» 

72.6        „ 

12.  FL  caip.  uln.,     .    . 

73.45    » 

18.66  „ 

54-79    »» 

74-5       »» 

13.  FL  dig.  long,  ped.,  . 

14.  FL  halL  long,     .    . 

69.40    „ 
75-19    >» 

•  • 

•  • 

•  • 

In  order  to  compare  the  relative  cross  sections  of  the  mus- 
cles and  tendons  of  other  animals  with  those  of  man,  given  in 
Table  XIV.,  I  destroyed,  on  the  21st  March,  1868,  a  large 
Pyrenean  mastiff  bitch,  by  strychnia,  and  proceeded  to  inves- 
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tigate  the  relation  between  the  cross  sections  of  her  muscles 
and  their  respective  tendons,  with  the  following  results : — 

A  portion  of  the  ffcutroenemiua  muscle,  two  inches  in 
length,  weighed  in  air,  1382  grs.,  and  in  water,  53.7  grs., 
giving  a  speciGc  gravity  of  1.040. 

A  portion  of  the  tendon  of  the  same  muscle  was  found  to 
weigh  in  air,  21.25  grs.,  and  in  water,  2.80  grs,  giving  a 
specific  gravity  of  1.152. 

From  these  data,  the  following  cross  sections  of  muscles 
and  tendons  were  readily  calculated. 

Table  XVI. — Cross  Sections  0/ Muscles  in  Pyrenean  McuUff. 


Mnade. 

Weight  of 
Miucle. 

Ungthof 
Mnade  naed. 

Wdfffatof 
Mutdeoaed. 

I.  (Gastrocnemius,     .    . 

6.22  oz.  ay. 

2  inches. 

1 382.0  grs. 

2.631  sq.  in. 

3.  ITL  csrp.  rad>y  ... 

0-35    M 

74.3  ft 

0.283     ft 

3.  FL  dig.  long,  (pedis), 

0.28    „ 

51-3  " 

o-'95    M 

4.  Ext  oarp.  rad.,     .    . 

»-40    M 

33^0  »i 

0  632    „ 

5.  FL  carp,  uln.,*     .     . 

6.  FL  haU.  long.,      .     . 

0-38    n 

9a-5  i» 

0.176    „ 

'-59     n 

357-5  1. 

0.680    „ 

7.  Biceps  humeri,      .    . 

2.1 1     „ 

477-3  11 

0909        M 

8    FL  dig.  subl.,  .     .     . 

1.06    „ 

167.6  „ 

o-3»9     »» 

9.  FL  dig.  prof.,  .     .     . 

a-75    ,1 

li        M 

355  3  » 

0902     ,f 

ID.  Ext.  carp,  uln.,     .    . 

0-47     1) 

95-3  » 

0.18 1     „ 

The  cross  sections  of  the  corresponding  tendons  were  found 
to  be — 


*  TheJUxor  earpi  tUnarit  consists  of  two  muscles,  of  which  one  takes  its 
origin  from  the  front  of  the  inner  condyle  of  the  humentSf  and  the  other  from 
the  oleertman  of  the  uha. 
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Table  XVII. — Cron  Sections  of  Tendons  in  Pyrenean  ifastiff. 


1 


Tendon. 


I.  Gastrocnemius,      .    . 
a.  FL  carp.  nuL,   . 

3.  FL  dig.  long,  (pedis). 

4.  £ztk  caip.  rad., 

5.  FL  carp,  uln.,   .    .    . 

6.  FL  halL  long.,  •     .    . 

7.  Biceps  humeri  (scapular 

teiuion),    .... 

8.  FL  dig.  suhL,    .     .    . 

9.  FL  dig.  pTo£,    .    .    . 
10.  Ext.  carp,  uln.,     .    . 


Length  need. 

Weight  of  do. 

1 
Croes  Section. 

2  inches. 
5      ., 

5      » 

3  >« 

3        n 

a      „ 

30.27  grs. 
8.6     „ 

^5     ., 
14.0    » 

4.9    » 
»3-3    ,. 

0.0520  sq.  in. 
0.0059      „ 
0.0045       „ 
0.0160      „ 
0.0056      „ 
0.0228      „ 

•i  .. 

19.6    „ 

0.0449      „         I 

2      „ 
2      „ 

14.6    „ 
36.2    „ 
H.5    .1 

0.0251       „ 
0.0830      „ 
0.0197       „ 

From  the  preceding  Tables  we  may  easily  construct  the  fol- 
lowing : — 

Table  XVIII.— iJario  of  Cross  Section  of  Muscle  to  that  of  Ten- 
don in  Maxtiff. 


Ratio  of  Croes  Sections. 


I.  Oastrocnemius, 

a.  Flexor  carpi  radialis, 

3.  Flexor  digitorum  longus  (pedis),   .     . 

4.  Extensor  carpi  radialis  (long,  et  bre?.), 

5.  Flexor  carpi  ulnaris  (olecranalisj, 

6.  Flexor  hallucis  longus, 

7.  Biceps  humeri  (scapular  tendon),  .    . 

8.  Flexor  digitorum  sublimis,  .... 

9.  Flexor  digitorum  profundus,     .     .    . 
10.  Extensor  carpi  ulnaris, 


If  we  suppose,  as  we  have  already  done  in  the  case  of 
human  musclesi  that  the  strength  of  the  tendon  is  intended 
to  be  divided  between  the  pull  exerted  upon  it  by  the  muscle 
and  the  strain  caused  by  external  forces ;  and  also  suppose 
that  50.6*  represents  in  the  mastiff  the  proportion  of  cross 


*  This  coefficient  is  taken  from  the  goitroetumiut  muscle,  and  exceeds  that 
taksD  from  the  ndial  tendon  of  the  bic^pt  humeri  in  man  *,  this  difference  is,  no 
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sections  of  free  muscle  and  free  tendon,  we  may  readily  obtain 
the  following  Table  : — 

Table  XIX. —  Comparison  of  the  Strength  of  Tendon  and  Force 

[of  Muscle  in  the  Pyrenean  Mastif. 


Moacla 


1.  Qflfltrocnemius,      .    . 

2.  FL  carp.  nuL,   . 

3.  FL  dig.  longiu,      .     . 
4*  £xt.  oaip.  rad., 

5.  Fl.  carp,  uln.,   .     .    . 

6.  Fl.  halL  long.,  •    •    • 

7.  Biceps  huineri  (scapular^ 

tendon),     .... 

8.  Fl.  dig.  Bubl.,    .    .    . 

9.  Fl.  dig.  prof.,    .    .    . 
10.  Ext.  carp,  ulo.,      .    . 


; 


Strength  of 
TendoQ. 


100 
100 
100 
100 
100 

JOO 

100 

100 
100 
100 


Force  of  MoAcIe. 


100 
04.8 
83.6 
78.1 
62.1 

58.9 
39-9 

ai.a 
18.2 


Frictloa,  AcL  Ae. 


o 

16.4 
21.9 

37.9 
41. 1 

60.1 

74-9 
78.8 

81  8 


The  results  exhibited  by  the  preceding  Table  are  similar 
to  those  shown  in  Table  XV.,  for  human  muscles.  In  both 
cases,  the  muscles  whose  tendons  are  exposed  to  the  greatest 
amount  of  f riction,  are  those  which  transmit  the  least  force  to 
their  points  of  application.  Thus,  in  the  mastiff,  ^e  flexor 
subUmis  and  flexor  profundus  lose,  by  friction,  a  much  greater 
portion  of  their  original  force  than  the  comparatively  free 
tendons  of  the  radial  and  ulnar  flexors  of  the  wrist ;  and  more 
than  the  radial  extensor  of  the  wrist,  while  the  ulnar  extensor 
of  the  same  joint  resembles  the  flexors  of  the  fingers  in  its 
proportionately  large  loss  of  force  transmitted. 

The  following  observations  were  made  on  the  muscles  and 
tendons  of  a  Wallaby  Kangaroo : — 

The  gastrocnemius  muscle  weighed  2.93  oz.  av.,  and  one 
inch  of  its  central  portion  weighed  in  air,  356.9  grs. ;  in  water, 

doubt,  real,  for  the  dog'd  tendon  is  stronger  than  that  of  man ;  at  the  same  time 
it  is  worth  while  to  notice  the  similarity  of  the  ooefficienta  of  the  aeapolar  head 
of  the  biceps. 
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25.3  gra.  Three  inches  of  its  tendon  weighed  in  air,  31^1  grs., 
in  water,  4.4  grs. 

The  Jlexar  diffUarum  longus  (pedis)  weighed  0.83  oz.  ay. ; 
one  inch  of  its  centfal  portion  weighed  96.3  grs.,  and  three 
inches  of  its  tendon  weighed  21.7  grs. 

From  these  data  we  obtidn — 


SpeciGc  gravity  of  kangaroo  muscle. 
Specific  gravity  of  kangaroo  tendon. 

From  the  preceding  data  we  obtain — 


1.076 
1. 163 


Kangaroo  Moaclfs. 

CroM  Seetloa  of 
Mnide. 

Cross  Seetkm  of 
Tendon. 

Rado. 

I-  OastrocnemiuB,  .     . 
a.  FL  dig.  longus,  .     . 

1. 313  aq.  in. 
0.354      » 

.  0.0356  sq.  in. 
0.0246      „ 

36.9 
14.4 

Assuming,  as  in  the  case  of  Man  and  the  Mastiff,  that  the 
friction  is  zero  in  the  muscle  that  has  the  highest  coefficient 
of  cross  section  as  compared  with  its  tendon ;  we  find  in  the 
kangaroo — 

Fl  dig.  long. — Strength  of  tendon,  100 

Force  of  Muscle,      ...       39 
Friction,  &c.,  ...  •      61 

It  appears  from  the  whole  of  the  preceding  investigation 
that  the  cross  section  of  a  muscle  does  not  bear  a  constant 
ratio  to  the  cross  section  of  its  tendon,  unless  the  friction 
exerted  upon  the  muscle  and  tendon  be  also  constant ;  and  it 
is  also  possible  that  the  strength  of  the  tendon  may  be  some- 
what greater  than  what  would  be  absolutely  necessary  to 
counterbalance  the  force  of  the  muscle  and  friction  ;  this  ad- 
ditional strength  forming,  in  fact,  a  surplusage  difficult  to 
calculate,  but  one  which  cannot  be  supposed  very  large,  if 
the  principle  oi  economy  of  material  in  nature  be  admitted. 
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On  examining  Tables  XV.  and  XIX.,  and  the  result  just 
stated  for  the  Umg  flexor  of  the  foot  of  the  kangaroo,  it  appears 
that  the  firiction  of  the  tendons  and  muscles,  and  the  surplusage 
of  strength  provided  against  any  sudden  iuscident,  may  con- 
sume as  much  as  75  or  80  per  cent,  of  the  strength  of  the  ten- 
don, leaving  only  one-quarter  or  one-fifth  of  that  tendon  to  be 
strained  by  the  contraction  of  the  muscular  fibres.  This,  how- 
ever, can  only  occur  in  very  extreme  cases,  and  the  force  ex- 
pended in  such  cases  reappears  as  heat,  and  so  assists  the 
general  purposes  of  the  body,  which  requires  its  temperature  to 
be  maintained  at  100^  F.  in  order  to  perform  its  functions.  In 
the  great  majority  of  cases  the  muscles,  in  performing  their 
usual  duties,  act  in  such  a  position  of  the  tendons  as  to  cause 
the  minimum  amount  of  friction,  and  to  produce  the  maximum 
of  external  effect ;  the  surplus  strength  of  the  tendons  being 
provided  as  a  safeguard  against  strains  that  rarely  occur,  and 
then  only  as  accidents. 

(6).  Chimpanzee, — In  this  animal  the  flexor  hallucU  sup- 
plies the  whole  tendons  of  the  first  and  fourth  toes,  and  part 
of  the  tendons  of  the  second  and  third  toes ;  while  the  flexor 
diffitorum  supplies  the  remaining  parts  of  the  tendons  of  the 
second  and  third  toes,  and  the  whole  tendon  of  the  fifth  toe. 
This  arrangement  would  seem  to  indicate  a  concurrence  in 
action  between  the  first  and  fourth  toes,  which  must  corre- 

m 

spend  to  some  peculiarity  in  the  animal*s  mode  of  grasping 
objects;  while  the  fifth  or  outer  toe  retains  its  indepen- 
dence. 

(c)  Monkeys  of  the  Old  Continent.  —The  Macaques  of  Asia, 
and  the  long-tailed  Monkeys  of  Africa,  such  as  the  Mangabeys^ 
are  characterized  by  an  arrangement  of  flexor  tendons  of  the 
foot,  which  is  shown  in  Fig.  7,  representing  the  flexor  tendons 
of  the  foot  of  the  Bruh,  or  Pig-tailed  Macaque  {Maca/ms  Ne- 
mestrinus)j  seen  from  below,  and  drawn  aside  from  their  natural 
positions,  so  as  to  exhibit  their  mechanical  arrangement. 
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Flexor  Tendons  of  the  Foot  in  Asiatic  and  African  Monkeys. 

In  these  monkeys,  the  flexor 
halbicis  supplies  part  of  the  tendon 
of  the  first  toe,  and  the  whole  ten- 
dons of  the  third  and  fourth  toes ; 
while  the  flexor  digitorum  longus 
supplies  the  remainder  of  the  ten- 
don of  the  first  toe,  and  the  whole 
tendons  of  the  second  and  fifth 
toes.  This  arrangement  produces 
a  remarkable  concurrence  of  ac- 
tion in  the  following  combinations 
of  toes: — 


a.  first 

b.  Krst 


Third 
Second 


Fourth. 
Fifth. 


I  have  often  seen  the  Rhesus 
Macaque  avail  himself  of  the  first 
of  these  combinations  to  catch  a  n.ii«a  n.  dig- 

flea,  with  a  dexterity  that  showed  *'*°-  7 

how  superior  his  foot  is,  considered  as  a  prehensile  organ, 
when  compared  with  that  of  Man. 

The  relative  strengths  of  the  several  tendons  in  the  foot 
of  the  Maeactis  nemestrinus,  measured  by  the  weights  of  equal 
lengths,  were  found  to  be  as  follows : — 


Macacus  Nemestrinus, 


I.  Flexor  liaUuck  longus^ 

54  per  cent 

'»    Flexor  digitonim  longus^  .     . 

44          n 

3.  Accessoriw^  4'^.,     .     .     .     , 

2       „ 

iotal,     .     •     •     • 

100 
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1 .  First  toe,  . 

2.  Second  toe, 

3.  Third  toe, 

4.  Fourtli  toe, 
$.  Fifth  toe. 

Total,  ' 


25  per  ceot 


The  weights  of  the  several  muscles  in  tiie  Maeaeut  Nenua- 
trinuB  were  found  to  be — 


I .  Flexor  hallucis  longtu,  . 
a<  Flexor  dtgitorum  longat, 
3.  Acceatoriut,     .... 


0.66  OS.  «v. 
0.36     „ 
0-05     „ 


(d.)  Monlcei/*  of  the  New  Continent. — The  <7apucAm  snd 
Negro  monkeys  of  South  America 
exhibit,  in  the  arrangement  of  the 
flexor  tendons  of  the  foot,  a  tjrpe 
quite  different  from  that  of  the 
monkeys  of  tlie  Old  World.  This 
arrangement  is  shown  in  Fig.  8, 
which  represents  the  tendons  of 
the  foot  of  Lagothrix  Humboldtii, 
or  Negro  monkey  of  South  Ame- 
rica. 

In  the  monkeys  of  the  New 
World,  the  flexor  hallucii  longui 
supplies  part  of  the  first  toe,  and 
the  whole  of  the  long  flexors  of 
the  second,  third,  and  fourth  toes  ; 
while  the  flexor  digitorum  longvg 

the  flexor  tendon  of  the  first  toe,  and  the  whole  long  flexoi 
tendon  of  the  fifth  toe. 


Fio  8. 
ipplies  the  remainder  of 
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In  these  animals  we  may  observe  a  concurrence  in  action 
of  the  first  and  fifth  toes,  like  that  which  takes  place  between 
the  first,  third,  and  fourth  toes,  in  the  monkeys  of  the  Old 
Continent. 

The  relative  strengths  of  the  flexor  tendons  in  the  Negro 
monkey  were  found  to  be — 

Lagothrix  HumboldtU. 

1.  Flexor  Kaltucis  longusy      .     .      49  per  cent. 

2.  Flexor  digitorum  langua,  •     .       43       „ 

3.  AecessariuSy  ^.,  B       „ 

Total,     ....     100 


1.  First  toe, 18.5  per  cent 

2.  Second  toe, 18.5       „ 

3.  ITiird  toe, 25.0       „ 

4.  Fourth  toe, 19.5 

5.  fifUi  toe, 18.5 


Total,  .     .     1 00.0 


•- 


In  the  Hapcde  or  Jacchits^  the  flexor  hallttcis  supplies  the 
third  and  fourth  toes  only,  so  that  its  human  name  becomes 
inappropriate ;  and  the  flexor  digitorum  supplies  the  second 
and  fifth  toes,  with  a  small  slip  to  the  hallux, 

(e.)  Tlie  Carnivores. — In  most  of  the  Carnivores,  the  Aa/- 
/ux  is  wanting,  and  in  all  of  them  the  flexor  fuxHuds,  2jxd  flexor 
digitorum^  instead  of  being  distributed  separately  to  the  dif- 
ferent toes,  are  united  into  one  tendon  (into  which  also  the 
accessoriua  is  inserted),  which  is  afterwards  distributed  to  all 
the  toes,  generally  four  in  number,  but  which  may  be  five  or 
occasionally  six  in  number. 


96  ANIMAL  MECHANICS. 

'Ilie  Carnivores,  of  the  flexor  tendons  of  whose  feet  I  have 
kept  a  record,  are  the  following: — 

1.  The  Lioness  (young). 

2.  The  Jaguar  (female). 

3.  The  Leopard  (male). 

4.  The  Indian  Jackall  (male). 

5.  The  Bengal  Fox  (male). 

6.  The  Dingo  (female). 

7.  The  Dog  (female). 

8.  The  Otter  (female). 

9.  The  Virginian  Bear  (female). 

I.  In  the  Lioness  I  found  the  following  relative  strengths 
of  the  long  flexor  tendons  distributed  to  the  four  toes : — 

Lioness  (j/oung)^  {long  fiexor  tendons  of  toes). 


1.  First  toe,  .     .     . 

27.2  per  cent 

2.  Second  toe,    .     . 

i7-o       « 

3.  Third  toe,      .     . 

23-9      »» 

4.  Fourth  toe,    .     . 

21.9       „ 

5.  Retractor  of  pad, 

1 00.0 

Lioness  (flexor  tendons  of  foot). 

I. 

Flexor  hallucis  longits, 

31.8  per  ct.     . 

2. 

Flexor  digitorum  longuSy  . 

9.2       „ 

3- 

Flexor  accessorius^       .     . 

•  •         » 

4- 

Frictionj  ^c.y     .... 

59.0       „ 

Total,     .     .     . 

100.0 

Weight 
0.93  OZ.  av. 

0.27        „ 


The  angle  between  the  fl,  ImU.  and  the  fl.  dig,  long,  was 


21^ 


ANIUAL  HKCHAHICS. 


97 


I  iru  UDADie  to  determine  sa^factorily  tho  absolute 
strengtha  of  the  tendon  of  the  aectuortM  muscle,  and  of  that 
«hich  retracts  the  pad  of  the  foot,  but  I  found  that  equal 
lengUiB  of  these  tendons  had  equal  weighta,  so  that  they 
mutually  eliminate  each  other  from  the 
Tables. 

i.  The  tendons  of  the  sole  of  the  foot 
in  the  Jaguar  are  shown  in  fig.  p,  which 
represents  the  pad-retraelor  (a)  and  aoceno- 
riui  (<0  tendons  in  their  natural  positions. 

The  relative  strengths  of  the  tendons  are 
as  follows : — 

Ja0wa-  (long flexor  tendoni  ii/toes). 

1.  First  toe,      .     .     30.9  per  cent 

2.  Second  toe,  24.2       „ 

3.  Third  toe,    .     .     23.3       „ 

4.  Fourth  toe, .     .     2 1 .6       „ 

5.  Retractor  of  pad,     .  . 

Total,  .     .     100.0 


Jaguar  (^long  flexor  tendotu  of  foot). 

Weight 

1.  Flexor  hallucts  longut,     .     35.8  per  cent.  .  0.83  oz. 

2.  Flexor  digitorum  longiu, .     15.0      „  .  0.26  „ 

3.  Flexor  accettoriw, 

4.  Friction,  ^.,     ....     49,2       „ 

Total,     .     .     .     100.0 


The  angle  between  thg_/?,  /tall.  long,  and  the_^.  dig.  hnj. 
was  32°. 
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3.  In  the  Leopard  the  relative  strengths  of  the  tendons 
were  found  to  be  as  follows : — 


Leopard  {long  flexor 

tendons  of  toes). 

I. 

First  toe,  .... 

21.9  per  cent 

2. 

Second  toe,  .     .     . 

.     23.6      „ 

3- 

Third  toe,     •     •     . 

•     27.0      „ 

4- 

Fourth  toe,    .     .     . 

•     27.5      „ 

S- 

Eetractor  of  pad,    . 

•      •  •        »» 

Total,     .     . 

.     1 00.0 

Leopard  {hng  flexor  tendons  of  foot). 

Weight 

1.  Flexor  hallucis  UmguSy      .     39.2  percent  •  1.63  oz.  av. 

2.  Flexor  digitorum  longus,  ,     15.3       „  .  0.50       „ 

3.  Flexor  aceessoriusy 

4.  Frtctiony  ScCy     ....     45.5 


11 


Total,     .     .     .     1 00.0 


The  angle  between  the^.  hall,  long,  and  the^.  dig.  long, 
was  20®. 

4.  In  the  Indian  Jackall  I  found  the  following  relative 
strengths  of  the  tendons  of  the  foot: — 

Indian  Jackall  {long  flexor  tendons  of  toes). 

1.  First  toe, 23.8  per  cent. 

2.  Second  toe,    ....  28.2 

3.  Third  toe,      ....  26.5 

4.  Fourth  toe,    .     .     .     .  2 15 

Total,     .     .     •     1 00.0 


ft 


f> 
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Indian  JackaU  (long  flexor  tendons  of  foot). 

Weight 

1.  Flexor  ItaUucia  tongue^     .    40.3  per  cent.    .   0.28  oz.  av. 

2.  Plexor  digitorum  longtu^      10.$       „  .   0.05     „ 

3.  fVietionf  4^e.^    ....    49.2      „ 

Total,     .     .     .     1 00.0 


5.  In  the  Bengal  Fox^  the  relative  strengths  of  tendons 
were  found  to  be : — 

Bengal  Fox  {long  flexor  tendons  of  toes)* 

1.  First  toe, 25.0  per  cent. 

2.  Second  toe,  ....  27.0      ,, 

3.  Third  toe,      ....  22.5       „ 

4.  Fourth  toe,   ....  25.5      „ 

Total,     .     .     .     1 00.0 


Bengal  Fox  {long  flexor  tendons  of  foot.) 

Weight. 

1.  Flexor  hallucis  longus^     .     32.9  per  cent.    •    0.080Z.  av. 

2.  Flexor  digitorum  hngus^ .       9.5       „  .    0.02     „ 

3.  Frietionj  ^(j.,    ....     57.6      „ 

Total,     .     •     .     1 00.0 


6.  In  the  Australian  Dmgo  I  found  the   following  re- 
sults : — 

Australian  Dingo  {long  flexor  tendons  of  toes}. 

1.  First  toe, 24.6  per  cent. 

2.  Second  toe,   .     . 

3.  Third  toe,      .     . 

4.  Fourth  toe,   . 

Total,     . 


28.9 

>> 

253 

» 

21.2 

9f 

1 00.0 


h2 
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Auitratian  Dingo  ( longJUxor  teadont  of  foot). 

Waigbt. 

1.  Fleamr  hallucU  hngta,    .      53.;  per  cent.  .  o.590i.av. 

2.  Flexor  dtgitorum  lottgui,       ■2.7       ,,  •  o-to     „ 

3.  Frietian,  4^.  ^.,    ,     .     .     33.8       „ 

Total,     .     .     .  1 00.0 

7.  In  the  Pt/renean  Mastiff,  two  "  dew  claws"  or  spurious 
toes  are  found,  in  addition  to  the  regular  folir  toes  characte- 
ristic of  the  digitigrade  camiTores.  The  relative  strengths  of 
the  tendons  supplying  the  six  toes  were  found  to  be — 


Pyrenean  Mattiff  (longjUxor  tendon 

of  tee,) 

1.  First  toe,    . 

2.  Second  toe, 

3.  Third  toe,  . 

4.  Fourth  toe, 

5.  Fifth  toe,    . 

6.  Sixth  toe,   . 

■     ■       4 
.     .     10 
.     .     20 
•     •     »S 
.     .     22 
.     .     16 

1  per  cent 

7 

9         ■> 

8 
S 

Total, 

.     .   100 

0 

Pyrmean  ManUff  {hng  flexor  tendons  of  foot). 

Weight. 
I.  Fl.  hail,  long,   28.1  percent.  .   i.59oz.av. 
a.  Fl.  dig.  long.,     6.;       „  .  0.28      „ 

3.  Friction,  ^e.,   65.4      „ 

Total,     .     loo.o 


8.  The  Otttr  possesses  regularly  five  toes,  supplied  with 
long  flexor  tendons  nearly  equal  in  strength.     If  the  united 
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cross  section  of  these  tendons  be  called  loo,  we  find  for  the 
cross  sections  of  the  flexor  tendons  of  the  foot  the  following 
values : — 

Otter  {long  flexor  tendons  of  foot). 


1.  Flexor  haUucie  tongue^ 

2.  Fkxor  (Kgitarum  longus       J    ^^'^  P^'  ^^^*' 


.) 


3.  Friction,  8fc., 


19.8 


>» 


Total, loo.o 

9.  The  Beary  like  other  plantigrade  Carnivores,  possesses 
five  toes,  the  tendons  of  which  gave  me  the  following  re- 
sults, in  the  Virginian  and  Japanese  Bears :— 


Bear  (long  flexor  tendons 

of  toes). 

yiiginian  Bear. 

Japanefle  Bear. 

I. 

First  toe,      .     . 

.     .     1 1.6  per  < 

sent.    .  16.3  per  cent. 

2. 

Second  toe, 

.     .     24.5       ,, 

.  22.0      „ 

3- 

Third  toe,     .     . 

.     .     24.7       „ 

•    24*4          n 

4- 

Fourth  toe,  .     . 

.     •     22.4       „ 

.    22.0          n 

5- 

Fifth  toe,      .     . 

.     .     16.8       „ 

•  >S-3      " 

Total, 


ico.o 


1 00.0 


Yirginian  Bear. 

1.  Flexor  hallucis  longus^    .     57.5  percent.  . 

2.  Flexor  digitorum  longus,     18.6       „ 

3.  Friction^  Sfc-,    •     •     •     •     23.9       „ 


Total,     .     .100.0 


Japanese  Boar. 
53.7  per  ct. 

14.6 
31-7 


>» 


»» 


100.0 
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If  we  compare  together  the  amount  of  friction  experienced 
by  the  long  flexor  tendons  of  the  foot  of  the  varioua  carni- 
vores, we  find  the  following  Table : — 

Table  XX.* — Amount  of  Friction^  ^.^  in  the  Long  Flexor 
Tendons  of  the  Toes  of  Carnivores. 


CarniToreai 


I.  Mastiff, 
a.  Lioness, 

3.  Pox,   . 

4.  Jaguar, 

5.  Jaocall, 

6.  Leopard, 

7.  Dingo, 

8.  Japanese  Bear, 

9.  Virginian  Bear, 
JO.  Otter,  .     .     . 


Frietioo,A& 


65. 4  per  cent. 

59-;        »» 

57.6 

49.2 

49.3 

45-5 

33.8 

3>-7 

a3-9 
10. 8 


»• 
» 

»» 


*  Since  writing  the  preceding  Table,  I  hare  had  an  opportonity  of  examin- 
ing the  tendons  of  the  foot  of  a  male  European  Wolf,  and  of  a  magnificent  Ben- 
gal Tiger,  with  the  following  results  : — 

Ewropion  Woif  (long  JU9or9  of  to$9), 

I.  First  toe, 24.6  percent. 

a.  Second  toe, 25*8        » 

3.  Third  toe, 25.3        „ 

4.  Fourth  toe, 24  3        *f 

Total,    •     .     .   100.0 


Europetm  Wolf  (longJUxor  Undom  of/oot). 


1.  Fltxw  kailucU  Umgu9^    . 

2.  FUxof  digiionm  Umffm^ 

3.  Friction,  ^tf.,       .     .     . 


13.5  percent 

5*5        .. 
34.  o        .» 


Weight 
o.  30  OS.  aT. 

0.79      »» 


Total, 


.   14.40 
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It  will  be  seen,  on  comparing  these  results  with  those 
already  given  for  Man  and*  the  Quadrumans,  that  the  Otter's 
foot,  used  for  swimming,  resembles  that  of  Man  ;  and  that  the 
feet  of  the  Carnivores  differ  widely  from  those  of  Man  and 
the  QuadrumanSy  being  characterized  by  an  enormous 
strengthening  of  the  flexor  tendons  of  the  toes.  The  scratch- 
ing and  digging  actions  of  the  hind  claws  of  these  Carnivores 
are  essentially  distinct  from  the  grasping  actions  of  the  feet 
of  the  monkeys,  as  well  as  firom  the  swimming  motions  of  the 
feet  of  Man  and  the  Otter. 

(/.)  The  VhfftJates, — Of  the  even-toed  ungulates,  I  have 
examined  the  flexor  tendons  of  the  Ox  and  Goat ;  and  of 
the  odd-toed,  those  of  the  Rhinoceros. 

I.  The  tendons  of  the  foot  of  the  Ox  {Zebu  Cow)  are 
shown  in  Fig.  11,  and  their  relative  cross  sections  are  as  fol- 
lows : — 


Bengal  Tiger  {fongJUxof  of  toea), 

1.  Pint  toe, 38.3  percent 

2.  Second  toe, 24.6        „ 

3.  Thin)  toe, 21.8        „ 

4.  Fourth  toe. 18  o        „ 

5.  Retractor  of  pad,     ....  7.3        „ 


Total,     .     .     .    loo.o 


Bmgai  Tiger  (JcngJUxor  tendons  o/foot). 

Weight 
I.  Flexor  digUorum  hngw,      .     .     12.2  percent  J.570Z.  av. 

1.  JPlexor  kaUueia  longu$f    .     •     •     35*^        »t  .6.52      „ 

3.  Aeeeeeoriuif 6.0 

Friction^  igCy 4^*0 


Total,     .     .     .     1 00.0 


UJ 

4 

A5DE.^  XKiTIF.l^Tl'^. 

2M«  C49 

!untj  imtan  if  iul  > 

I 

Fsscfice^ 

.     .          J9.r  per  Tgnr 

a. 

Sttiuui  me. 

*     •     ■     « ^*^         ** 

TocaLp 

.     .         I  :c.  3 

I. 

/Z  <%.  Aiikf^ 

74.6  per  c.     c.9coz.sir. 

2- 

FLkaUbmff^ 

r1^      -         -^43       IT 

3- 

fotal,    .     .     . 

6.3     , 

1 

ICC.C 

1,  The  flexor  lendona  of  the  Goet 
( Bombay)  resemble  those  of  the  Cow  Terj 
closely ;  snd  gmve  the  following  results : — 


Ji.dig. 


Bombay  Goat  (Umg  jUjMrt  of  toes). 

1 .  First  toe» 47.6  per  cent. 

2.  Second  toe, 52.4        „ 


Total,     .     .     .   1 00.0 


1 .  Flexor  digitarum  lon<pis,    69.05  per  cent. 

2.  f'lexor  hallucis  longus,       21.43  „ 

3.  Friction^  ^c^       ...       9.52         „ 


1 00.00 


Weight. 
0.04  oz.  av. 


0.25 


»i 


3.  The  arrangement  of  the  flexor  tendons  of  the  toes  in  the 
loot  of  the  Rhinoceros  (Indian)  is  somewhat  peculiar,  as  is 
»t|iown  in  Fig.  12. 
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The  plantarig  moscle  takes  an  origin  from  the  back  of  the 
outer  condyle  of  the  femur,  and  is  inserted  into  the  plantar 
fascia  that  passes  over  the  os  txUck, 
and  gives  origin  to  the  perforate  ten- 
dons of  the  toes.  The  tendon  of 'a^^ 
plant4tris,  Sowing  freely  over  the 
heel,  becomes  partly  inserted  into 
the  tendon  of  the  long  flexor  of  the 
toes,  in  the  centre  of  the  foot,  and 
partly  terminates  in  the  three  per- 
forate flexors  that  correspond  with 
the  fiexoT  brevii  of  other  animals. 
Hie  long  flexor  muscles  arise  &om 
the  entire  back  of  the  fibula,  and 
lower  half  of  the  tibia,  and  unite 
into  a  tendon  that  represents  _fi.  dig. 
long,  and  Jl.  hall.  long,  united ;  this 
tendon  is  joined,  as  alreadydescribed, 
in  the  sole  of  the  foot,  by  the  ten- 
don of  the  planlaris  muscle  KoA  flexor 
brevit  united. 

The  relative  strengths  of  the  fore-  ^'*  "■ 

going  tendons,  measured  by  their  cross  sections,  are  as  fol- 
lows, representing  the  total  cross  section  of  the  flexors  of 
the  leg  by  loo: — 

BJwaocerot  (long flexor  tendoni  o/toet). 

Weight. 

1.  Plantarit 44.3  per  cent.     3.5  oz.  av. 

2-  Flexoret  longi  dig.  et  kail.,      55.7         „  ai.o     ■., 

Total,    .    .     .  100.0 


PLlmAaaidrlmtarU. 
n  IMV-  'obit  Uudon  at  A  AoU- 
Itmf.  iDd  JL  dtc.  long. 
\.%t.  tvtt  Kaon  of  mm. 
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1.  Long  flexora  of  toes^  .     .     .    61.1  percent. 

2.  Short  flexors  of  toea^  .     .  18.4 


3.  Friction^  ^c, 20.5 

Total,     .     •     .   1 00.0 


9f 


Long  Flexors  of  Toes. 

1.  First  toe,       .     .     .     18.4  percent. 

2.  Second  toe,  .    •     .     24.6 

3.  Third  toe,     .     .     .     18.1 

Total,     .     .     .    6r.i 
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Perforate  Flexors  of  Toes. 

1.  First  toe,       ....     5.6  percent. 

2.  Second  toe,  ....     6,6 

3.  Third  toe,      ....     6.2 


Total,     .     .     .18.4 


The  arrangement  of  the  flexor  tendons  in  the  foot  of  the 
Rhinoceros  differs  from  that  of  any  of  the  animals  already  de- 
scribed— for  the  total  strength  of  the  tendons  of  the  toes  is 
20^  per  cent,  short  of  that  of  the  tendons  of  the  muscles,  in- 
stead of  exceeding  it,  as  in  the  former  cases. 

If  we  consider,  however,  only  the  deep  tendons  of  the 
toes,  and  tendon  of  the  long  flexors,  as  in  the  former  cases, 
neglecting  the  plantaris  and  short  flexor,  and  perforate  ten- 
dons of  the  toes,  we  find  a  result  similar  to  those  already  re- 
corded, viz.,  counting  the  total  cross  section  of  the  long  flexors 
of  the  toes  as  100  : — 
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Long  Flexors  of  Toes. 

1.  First  toe, 30  percent. 

2.  Second  toe,    ....     40        ,, 

3.  Third  toe, .     .         .     .    30        „ 

Total,         .     .     100 


1.  Flexor  dig,  long.^  ^ 

2.  Flexor  haU.  long.,\  '     '  9«  Per  cent. 

3.  Friction^  ^c.<,       ...  9 

Total,     .     .     .  100 


>9 


{g.)  The  Insectivorea.  I  shall  take  the  flexor  tendons  of  the 
foot  of  the  common  Hedgehog  as  the  type  of  the  Insecti- 
vores.  They  belong  to  a  degraded  type,  as  the^.  hall,  long, 
and  Jl,  dig,  long,  are  fused  into  one  muscle,  and  possess  a  com- 
mon tendon  distributed  by  slips  to  each  of  the  five  toes. 

Equal  lengths  of  the  common  tendon  and  of  the  five  slips 
gave  the  following  comparative  results,  counting  the  cross 
section  of  the  five  tendons  of  the  toes  as  100  : — 

Hedgehog  (long  flexor  tendons  of  toes). 

I .  Flexor  hall.  hnguSy      \  Weight 

in         J*     f  I       •     75  per  cent.    0.0 1  oz.  av. 

2>  Flexor  dig.  longus^       /  '  ^  '^ 

3.  Friction^  ^c, 25       „ 


100 


(A.)  TTie  Edentates, — The  six-banded  Armadillo,  and  three- 
toed  Sloth  of  South  America,  are  the  best  living  types  of  this 
remarkable  group  of  animals. 
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I.  In  the  foot  ofthe  Armad^,  tbeyl.  kaU.  long,  of  other 
animals  constitutes  the  whole  ofthe  deep  flexor  ofthe  toes. 


and  is  inserted,  Fig.  13,  into  a  plantar  sesamoid  bone,  from 
which  radiate  five  tendons,  distributed  to  the  five  toea. 

The  muscle,  which  corresponds  to  the  ^  dig.  long.,  is 
inserted  into  the  near  end  of  the  first  metatarsal. 

The  reUtive  strengths  of  the  _fl.  hall.  long,  and  of  the 
tendons  ofthe  toes  are  as  fijllows  : — 


Six-ban^d  Armadillo  {long  flexor  tmdona  of  foot.) 

Weigbt 
1.  Fl.  hall,  long.,        55.6  percent.     .     o.ii  oz.  av. 
^.  Frietitm,  ^.,     ■    44-4         »  o  02      „ 


.  Flexor  of  first  toe, 

ij.a  per  cent 

„         second  toe,  . 

-     22.2         „ 

„        third  toe,      ■ 

■     24.4 

„        fourth  toe,    . 

.      22.2           ), 

fifth  toe,      . 

.      18.0           „ 

Total,    . 

.  1 00.0 

2.  In  the  three-toed  Sloth,  the  arrangement  of'thc  tendons 
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of  the  foot  is  as  follows:  the^.  hall,  long.  and^.  dig.  long. 
unite  into  a  common  tendon,  f^g,  14  ;  this  is  joined  in  the  sole 
of  the  foot  by  the  tendon  of  the  Urge  p&mtoru  (p/>),  and 
the  united  tendons  diverge  to  form 
the  tendons  of  the  three  toes.     'Die 
tendon  of  the  dccMsmut  muscle  (aec.) 
is  inserted  into  the  outer  side  of  the 
tendon  of  the  third  toe. 

Equal  lengths  of  these  tendons, 
when   weighed,   gave  the  following 
comparative  results : — 
Foot  of  Thru-toed  -S&(A  (longJUxon). 
Weight. 

aperc  o.o6oz.av. 

o     „      0.13     „ 


Aceeuorim, 
PlantarUt . 
Fl.hdl.long.,  13. 
Fl.  dig.  long.,  1 
FneUoOy  S^e^  43. 

Total,  .     . 


Pig.  "4. 


I .  First  toe,  . 
2>  Second  toe, 
3.  Third  toe,  . 

Total,    . 


26.0  per  cent. 
43-8       " 
30.3       I, 


(i.)  The  BodtnU. — The  following  observations  on  the  Hare 
and  Porcupine  will  suffice  to  show  the  general  character  of 
the  deep  flexor  tendons  of  the  feet  of  this  important  Order : — 

t.  In  the  J7ire, the^.  Ad^/.  long.  and^.  dig.  ^n^.  unite,  as 
in  the  Hedgehog,  into  a  single  tendon,  before  reaching  the 
heel,  and  this  tendon  is  afterwards  subdivided  into  four,  dis- 
tributed to  the  four  toes.  Equal  lengths,  when  weighed, 
gave  the  following  results: — 
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Hare  (long  flexors  of  foot). 


1.  First  toe,     . 

2.  Second  toe, 
3-  Third  toe,  . 
4.  Fourth  toe. 


28.4  per  cent. 
26-5         .. 
33-8         „ 
ai.3 


United  tendon  offl.  haU.  long.  \ 

and^.  diff.  Umg.,  .     .     .    ) 

Friction,  ^., 


6^  percent. 
3«        .. 


2.  Id  the  Porcupine,  the  Jl.  dig.  long,  and  Jl.  halL  long. 
pass  round  separate  grooves  on  the  inner  ankle,  and  onite  in 
the  sole  of  the  foot,  to  give  origin  to  tendons  distributed  to 
the  five  toes,  as  shown  in  Fig.  i;. 
The  relative  cross  sections  of  the  ten- 
dons are  as  follows,  and  differ  from 
those  previously  found  for  other  ani- 
mals, by  the  flexor  tendons  of  the 
muscles  being  in  excess  of  the  flexors 
of  the  toes,  as  in  the  case  of  the  Rhi- 


/u«ri. 


Porcupine- 

Deep  flexors  of  Toe». 

Firat  toe, 

8.0  per  cent. 

Second  toe. 

19.2         „ 

Third  toe, 

21.3         .. 

Fourth  toe. 

30.0         „ 

Fifth  toe, 

I'-s 

Deficiency, 

20.0        „ 
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Weight 

Flexor  hall,  long ^    .     .     8i  6  per  cent     .     0.32  oz.  av. 
Flexor  dig.  long.^      .     .     18.4         „  .     o.io      „ 


1 00.0 


(k.)  The  Marsupials.  The  Kangaroos  and  Phalangers  may 
be  selected  as  good  specimens  of  Marsupials.  In  the  Kanga- 
roos, the  plantaris  muscle  takesan  originfirom  the  outer  condyle 
of  the  femur,  andfirom  the  crescent-rshaped  sesa-  1173 
moid  bone  Ijring  beneath  it  at  the  top  of  the 
fibula;  it  is  inserted  into  a  tendon  that  flows 
fireely  over  the  calcaneum,  and  becomes  ulti- 
mately the  perforate  tendon  of  the  toes.  At  the 
outer  side  of  the  heel,  a  tendon  (a)  is  given  off» 
fig.  169  which  runs  direct  to  the  outer  toe,  and 
forms  half  of  its  perforate  tendon,  the  other 
half  being  formed  of  a  slip  given  off  by  the 
main  tendon  near  the  toes. 


PerfoToU  flexor  tendons  of  Wallaby  Kangaroo. 

Plantaris  tendon,     .     .     .     .     100. 

1.  Perforate  tendon  of  third  toe,     71  per  cent. 

2.  ,9  ij        fourth  toe,     26 

3.  Deficiency, 3 


9) 
99 


Total, 


100 


Fig.  16. 


The  deep  flexor  tendons  of  the  Marsupials  are  formed  of 
the  single  tendon  belonging  to  the  fl.  hall.  long.  and^.  dig. 
lung,  muscles  conjoined.  I  have  found  the  following  results 
to  represent  their  relative  strengths : — 
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Criant  Kangaroo  {long  ^flexors  of  toes).    • 

1.  First  and  second  toes,      ...       7  per  cent. 

2.  Third  toe, 75 

3.  Fourth  toe, 18 


»9 


100 


Fl.  dig.  longuB,    1  ^^""i^^^^*    '^     '      ^'^'  ^^-  *^' 
Friction^  4^.,       ....  o     • 


100 


Wallaby  Kangaroo  (long  Jlexors). 

1.  First  and  second  toes,      ...  7  per  cent. 

2.  Third  toe, 65        „ 

3.  Fourth  toe,   ...  .     .  27        „ 

4.  Deficiency, i        „ 


100 


Fl,  hall  long,,  \  Weight 

F/.  dig  long.,   ]  ^^^i""^^^^^  •     '^o         1.24  oz.  av. 

In  the  Giant  Kangaroo  the  deep  tendons  have  exactly  the 
same  cross  section  before  reaching  the  heel,  as  when  distri- 
buted to  the  toes  ;  and  in  the  Wallaby  Kangaroo  the  difference 
of  cross  sections  representing  friction  is  only  ^^  or  i^  per 
cent. 

In  the  Phalanger,  the  Jl.  dig,  long,  muscle  is  fourteen  times 
the  weight  of  the  fl.  hall,  long,  muscle,  and  is  distributed, 
sometimes  to  all  five  toes, and  sometimes  to  the  outer  four  only. 
The  fl.  halL  long,  is  inserted  into  the  back  of  the  scaphoid 
bone. 
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Phahmger  {long  J 

lexers  of  toes). 

FUxor  dig.  long.. 

• 

ICO 

I. 

Second  toe,      •     . 

5.9  per  cent 

2. 

Third  toe,    .     .     . 

•       S-9 

»» 

3- 

Fourth  toe,       .     • 

•     29.4 

»» 

4. 

Fifth  toe,     .     .     . 

.     29.4 

»i 

5- 

Deficiency, .     .     . 

.     29.4 

99 

Total, 

.  1 00.0 

(/.)  The  Birds. — The  arrangement  of  the  long  flexor  ten- 
dons is  very  similar  in  all  birds,  and  the  tendons  are  so  long, 
that  the  question  of  the  amount  of  force  lost  by  friction  in 
their  passage  round  the  heel  possesses  great  interest. 

TheyZ.  dig.  long,  and  Jl.  halL  long,  muscles  are  distinct,  and 
their  tendons  generally  unite  before  reaching  the  heel. 

I.  Ostrich  {longjUxor  tendons  of  toes). 

I .  Outer  toe, 7.1  per  cent. 

2*  Inner  toe, 92*9        ^ 

1 00.0 


Weight 

1 .  Flexor  dig.  lotig.^     . 

.     49.7  per  cent. 

•     5.90  oz.  av. 

2.  Flexor  hall.  Umg.^   • 

•     25.7       „ 

•     2<o8      „ 

3.  Friction^    .... 

24.6      „ 

Total,     .     .  1 00.0 


In  the  Ostrich,  as  in  the  other  Stnithionidas,  the  tendons 
of  the  ^.  hall,  longus  and  Jl.  dig.  longus  unite  into  a  common 
tendon,  at  a  point  half  way  down  the  cannon  bone. 

I 
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2.  Bhea  (hmgJUxar  tendons  c 
I.  First  toe,    .    .     .    22.1  percent. 


2.  Second  toe, 

3.  Third  toe,  . 

45.1         „ 
.328 

• 

Total,      . 

.     .   1 00.0 

1 .  Flexor  hali.  long.,, 

2.  Flexor  dig.  long.,   .     . 

3.  Friction,  ^e.,    .     .     . 

,17.3  per  cent. 

3^-3        »»       •     • 
52-4 

Weight 
0.75  oz.  av 

2-09     „ 

Total,     .     .     . 

1 00.0 

3.  Jahiru. — In  this  bird,  which  is  celebrated  for  its  power 
of  standing  on  one  leg  for  a  long  time,  the  tendons  of  the^ 
hall.  long.  and^.  dig.  long,  do  not  unite  until  they  reach  the 
sole  of  the  foot ;  the  fl.  hall.  long,  flexes  the  four  toes, 
and  the  JL  dig.  long,  flexes  the  second,  third,  and  fourth 
toes  only. 

Jabiru  {long  flexors  of  toes). 

I.  First  toe,     .     «...  17  per  cent. 

2*  Second  toe,      ....  23      „ 

3.  Third  toe, 37 

4.  Fourth  toe,      ....  23 


It 

19 


Total,     ...       100 


Weight 

1.  Flexor  hall,  long.,   .     .     12.3  per  cent     .     0.07  oz.  av. 

2.  Flexor  dig.  long.,    .     .     30.9         „  •     0.18     „ 

3.  Friction,  Sfc,     .     .     .     56.8         „ 

Total,     .     .  1 00.0 
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4.  Weia  Weka  Sail.  ^In  this  bird,  the  two  long  flexor 
musdea  have  their  tendons  united  into  a  single  partially  ossi- 
fied tendon,  which  is  about  an  inch  in  length,  and  subdivide 
into  the  four  long  flexors  of  the  toes. 


Weka  Bail  (long  flexors  of  toes). 


1 .  First  toe, 7.7  per  cent. 

2.  Second  toe,    ....     29.5       „ 

3.  Third  toe 33.3        „ 

4.  Fourth  toe,    ....     29.5       „ 

Total,     .     .     .  1 00.0 

Flexor  hall,  long.,     .    .     33.3  per  cent. 
Flexor  dig.  long.,      .     .     19.2       „ 
Friction,  <$•«.,       ...    47.5       „ 

Weight 
.     0.06  OZ.  av 

•     0-03       »> 

Total,         .     .  100.0 

5.  Silver  Pheasant^^In  the  pheasant  the  jf.  hall,  long,  is 
distributed,  by  means  of  an  ossified  tendon,  to  the  first  toe, 
and  by  a  tendinous  cross  band  to  the  ossified  tendon  of  the 
second,  third,  and  fourth  toes,  which  is  pulled  by  the  jf.  dig. 
lonpus ;  and,  with  the  exception  of  this  cross  band,  the  two 
tendons  are  quite  distinct. 

Silver  Pheasant  {long  flexors  of  toes). 


1.  First  toe, 

2.  Second  toe, 

3.  Third  toe, 

4.  Fourth  toe, 


Total, 


15.7  percent. 

26.3 

36.8 

21.2 


n 


n 


»» 


1 00.0 


i2 
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Weight 

Flexor  dig.  long,, 

26.3  per  cent. 

0.06  oz.  aiE. 

Flexor  haU.  lang.^    • 

.     a6  3       „ 

•           0.02              ,y 

Friction^  Sfe.^ 

•    47-4 

Total,  .  1 00.0 


6.  Black  Swan, — In  this  bird  the  tendons  of  the  two  long 
flexors  unite  into  a  common  ossified  tendon  about  three-fourths 
of  an  inch  in  length,  which  distributes  tendons  to  the  second, 
third,  and  fourth  toes. 

Black  Stoan  (long  flexors  of  toes)* 

1.  First  toe, o  per  cent 

2.  Second  toe,      ....  23        „ 

3.  Third  toe,    .     .     .     •     .  42        ,t 

4.  Fourth  toe,       •     •     •     •  35       m 

Total,     ...      ICO 


Weight 

Flexor  dig.  long,^     . 

40  per  cent. 

0.06  OZ.  av 

Flexor  hall,  long.^    .     . 

24       9> 

0.07      „ 

FVictioHj  ffc.j      .     •     • 

3^      »» 

Total,    .     .    .     100 

Collecting  together  the  preceding  observations  on  the 
flexor  tendons  of  birds,  we  find  that  the  tendons  distributed 
to  the  toes  exceed  in  strength  the  tendons  of  the  long  flexors 
above  the  heel  by  the  following  quantities : — 
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Table  XXI. — JMctian  of  Lang  Flexor  Tendons- of  Birds. 


1 

1 

Frietioo,  fte. 

i«  Ostrich, 

a.  Bhea,       .... 

3.  Jabim,  .      • 

4.  Weka  Bail,  .      . 
j.  Silver  PheMant, 
6.  Black  Swax^ 

24.6  percent. 

5a-4 

56.8        .. 
47.5        *i 

47.4               M                 0> 
36.0                „ 

(m.)  ReptUesM — ^The  only  reptile  that  I  have  had  an  oppor- 
tunity of  examining  carefully  is  the  Alligator  of  the  Missis- 
sippi,  from  the  dissection  of  which  I  have  obtained  the  fol- 
lowing results : — 

Alligator  Lucius  (long /Uxors  of  toes). 


I.  First  toe,       ....     41.0 

per  cent. 

2.  Second  toe,  ....     29.5 

?> 

3.  Third  toe,      ....     18.0 

»> 

4.  Deficiency,    .     .     .     .     115 

»» 

Total,  .     .     .    loo.c 

Weight. 

flexor  hall,  long.y    .     .     29.5  pe  :eent. 

.     0.17  oz.  av 

Flexor  dig.  Umg.y     .     .     70.5        „ 

0.54       »> 

Total,     .     •     .  loo.o 

If  we  arrange  the  animals  already  described,  according  to 
the  nature  and  amount  of  friction  experienced  by  the  tendons 
of  the  long  flexors  of  their  toes,  we  shall  obtain  the  following 
results : — 
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Table  XXII. — Comparative  View  of  Friction  of  the  Long 

Flexors  of  Toes. 


P  >P*\  orCroM  SecttoooCTendoMorToei  grester  fiiMi 
CroM  Section  of  Tendoos  of  Moadflt. 


I.  Fyrenean  Mastiff  (Cwf if /omi/tam),   .    . 
a.  Lion  (2m  barharm\ 

3.  Fox  CVuipf  wlfforit), 

4.  Jabm  (Mfet0rid)f       

5.  Bhea  (Mhea  Americana^       

6.  Jackal!  (Oanis  mtrmu)^    • 

7.  IttigatctJLeopttrduttmea), 

8.  Weka  Weka  (New  Zealand  BaQ),      .    . 

9.  Silyer  Pheasant  ((Toil^Aam  MjfcMMfMriM;, 

10.  Tiger  {Tigri§  rwffalit), 

11.  heo^pm  (Leopardm  variu8)f  .... 
t2,  Ann&dilLo  (Dat^pua  $$g&mctu9),      .    •    . 

13.  Sloth  (Braaypus  tri4actylui\    .... 

14.  Black  Swan  (C^^fw  o^ro^M),   .... 

15.  Hare  (L$pu9  timidut)^      ...... 

16.  ^o]ilCania  lupH$) 

17.  Jim^io  {CanU  Dingo)^ 

18.  Japanese  Bear  (  crrMf# /opoMiMtf),  .    .    . 

19.  Virginian  Bear  ( I7r«tM  .^^jnmMMM),  .    . 

ao.  Llama*  (Llama  fommd), 

a  I.  IM^hogi^Erinacmi  Bmopmui)^  .     .    . 

a  a.  Ostnch  (Siruthio  eamelms), 

a3.  Otter  (^Lutra  vulgari»\ 

a4.  Man  (moan  of  five  subiects),  .... 
a5.  Spider  Monkeyf  {Atelu  ater),  .... 

ao.  Qoat  (Sireut  mgagrut\ 

a7.  Rhinoceros  {Rhinoceros  unieomis),  .  . 
a8.  Negpro  Monkey  {Lagothrix  Humboldtit)^  . 
ag.  Ox  {Bm  Indietu}, 

30.  Kaj^ue(Maeacu$nem0strinus)f     .    .     . 

31.  Boomer  Kiangaroo  {Maeroput  mt^or). 


65*4  percent 

59-0 

»> 

57.6 

9> 

56.8 

» 

5*4 

»> 

49a 

»f 

49.2 

n 

47.5 

9 

47-4 

n 

46.0 

9> 

455 

99 

4M 

99 

4^5 

99 

36.0 

M 

36.0 

99 

34.0 

99 

33.8 

9» 

3»-7 

99 

a3.9 

99 

«5.9 

99 

a5.o 

99 

a4.6 

99 

19.8 

»9 

i6.a 

9« 

12.3 

9» 

9-5 

99 

8.0 

99 

99 

6.8 

»9 

a.o 

99 

0.0 

99 

P  >P';  or  Crom  Section  of  Tendons  of  Toes  less  than  Cross 
Section  of  Tendons  of  Muscles. 


3 1 .  Boomer  Kangaroo  {Macrojms  nunjor)^      .    . 

3a.  Wallaby  Kangaroo  (ffialmaturut  Ualabaiua)^ 

33.  Alligator  {Alligator  Mitnsaippi^nsis),      .    . 

34.  Porcupine  (Hy»trix  criatata)^ 

35.  Phalanger  {Phalangista  vulpina),    .     .     .    . 


FricUun. 


0.0  per  cent, 
i.o        „ 

"5        99 
ao.o        „ 

ag.a         „ 
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Notes  ok  thb  FORsdonro  Table. 

*  I  found  the  following  results  from  the  dissection  of  a  fine  specimen  of  the 
common  Llama:— 

ZAmm  (kmg/exwr$  of  foot), 

f .  First  toe, 49.5  per  cent. 

a.  Seoondtoe,       so,$       „ 


Total,    .    . 

.      .     lOO.O 

f .  Fiesfor  hiUl,  Umg.^      •    . 

.    .    39.6  per  cent. 

a.  Flexor  dig,  long,,  ,    .    . 

34'5        M 

3.  FHetiottj  ^e,,    .... 

.     .     a5-9       " 

Total,    .     . 

.     .    100.0 

In  this  animal  the  cross  section  of  the  tendons  of  the  toes  of  the  hind  foot 
exceeds  that  of  the  tendons  of  the  fore  foot  in  the  proportion  of  444  to  41 1. 

t  The  following  are  the  details  of  the  ohsenrations  on  the  Spider  Monkey : — 


I.  First  toe,  . 

•         •         • 

17.5  percent. 

3.  Second  toe, 

•         •         • 

19.3 

1 

3.  Third  toe, 

•         ■         •         1 

.    14.7 

f» 

4.  Fourth  toe, 

•         •         •         « 

12.7 

It 

5.  Fifth  toe. 

•         •         •         • 

15.8 

>> 

Total, 

•         •         ■ 

.  100.6 

Flexor  hall,  long,y 

.     47-4  PC 

)r  cent.     . 

0.24  oz.  av 

Flexor  dig,  long.t 

.    40.3 

»» 

•    0.1S      „ 

FHeiioH,  Sfc,  .     .     . 

ia.3 

»« 

Total,      .     .     . 

.  100.0 

The  rehttive  strengths  of  the  tendons  of  the  toes  are  very  similar  to  thost 
the  Negro  Monkey  (p.  95),  and  yery  unlike  those  of  the  Macaque  (p.  94).  The 
JL  kalL  long,  flexes  the  first,  second,  third,  and  fourth  toes ;  while  the  Jl.  dig. 
Umg,  flexes  the  first,  second,  third,  fourth,  and  fifth.  This  arrangement  rcsem- 
bles  that  of  the  flexor  tendons  of  the  Capuchin  and  Negro  monkeys,  in  this  re- 
spect, that  the  entire  flexion  of  the  fifth  too  deyolves  on  thc^.  dig,  longus. 
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The  preceding  analysis  of  the  comparative  strengths  of 
the  flexor  tendons  of  the  ^.  hall.  long,  sndjl.  dig.  long.^  and  of 
the  toes,  proves,  that  of  thirty-five  animals  examined,  the  ten- 
dons of  the  toes  exceed  the  tendons  of  the  muscles  in  thirty 
instances,  and  fall  short  of  them  in  four  instances  only.  This 
is  a  result  that  is,  h  priori,  probable ;  for  the  use  of  the  foot 
is  not,  like  that  of  the  hand,  to  grasp  an  object  by  means  of 
the  flexion  of  the  digits  produced  by  the  muscles  of  the  fore- 
arm ;  but,  the  toes  being  applied  to  the  ground  as  a  fulcrum, 
the  muscles  of  the  calf  acting  on  the  flexor  tendons  of  the 
toes  (which  are  fixed),  resist  their  own  forcible  extension  by 
the  weight  of  the  body,  by  means  of  the  tendons  passing  round 
the  heel,  and  so  act  as  a  spring  to  prevent  the  foot  reaching 
the  ground  with  shock.  In  other  words,  in  the  foot,  the 
force  is  applied  from  below,  upwards,  to  the  muscles  through 
the  intervention  of  the  tendons ;  whereas,  in  a  grasping  organ, 
such  as  the  hand,  the  force  is  applied  from  above,  downwards, 
from  the  muscles  to  the  obstacle,  or  resistance  to  be  overcome. 

The  diflerence  of  strengths,  or  cross  sections  in  all  cases 
represents  the  friction  overcome  by  the  tendons ;  while  the 
direction  in  which  the  force  passes  is  always  from  the  greater 
towards  the  lesser  cross  section  of  the  tendons. 

B.  Comparative  Anatomy  of  tlie  Flexor  Tendons  of  the  Hand. 

In  the  following  observations  on  the  comparative  anatomy 
and  mechanism  of  the  flexor  tendons  of  the  fore  foot,  or  hand,  I 
shall  confine  myself  to  the  deep  flexor  tendons  of  the  fingers,  as 
this  method  will  furnish  an  instructive  comparison  with  the  cor- 
responding long  flexor  tendons  of  the  toes,  already  discussed. 
There  is  one  remarkable  diflerence  to  be  noted  between  the 
long  flexors  of  the  toes  and  the  deep  flexors  of  the  fingers ; 
viz.,  that  although  both  become  simplified,  as  we  descend  in 
the  scale  of  animals,  into  a  common  tendon  giving  off  similar 
slips  to  each  toe  or  finger ;  yet  in  the  leg,  the  flexor  muscles 
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do  not  undergo  the  same  fusion  as  in  the  foreann,  or  as  their 
tendons  undergo.  Thus,  we  always  find  the  fl*  hall.  long,  to 
be  a  muscle  quite  distinct  from  the^.  dig,  long.^  even  when 
they  act  by  a  united  tendon ;  and,  on  the  contrary,  in  the 
forearm  when  the  tendons  of  the^.  poll.  long,  andjl.  dig.  pro/. 
become  imited,  we  generally  observe  these  muscles  to  become 
united  also.  This  difference  in  the  muscles  of  the  forearm 
and  leg,  I  believe  to  be  due  to  a  mechanical  necessity.  In 
the  propulsion  of  the  body  forwards  by  means  of  the  hind 
foot,  it  is  necessary  to  press  the  inner  toe  {hallux)  outwards 
and  backwards  against  the  ground  ;  a  motion  that  is  effected 
by  the  separate  action  of  the  Jl.  hall,  long,  muscle,  and  ma« 
terially  aided  by  the  action  of  the  peronceua  longus  muscle, 
which  lifts  upwards  and  inwards  the  outer  side  of  the  near  end 
of  the  foot.  Such  an  action  of  the  fore  foot  is  seldom  neces- 
sary or  desirable,  and  hence  the  differentiation  of  thefl.  poll, 
long.f  when  it  exists,  is  made  to  increase  the  grasping  or 
hand-like  action  of  the  thumb,  and  not  for  the  purpose  of  pro- 
gression ;  and  is,  therefore,  found  to  be  less  constant  in  its 
occurrence  in  various  animals  than  the  flexor  hallucis  longus. 

(a).  Man. — The  differentiation  of  the  thumb  from  the 
other  fingers  is  carried  farther  in  man  than  in  any  other 
animal,  because  in  man  the  appropriation  of  the  fore  foot  to 
the  use  of  the  brain  is  carried  farther.  The  fl.  poll,  long,  is 
quite  distinct  from  the^I.  dig.  prof.^  and  in  the  latter  muscle, 
the  tendon  of  the  index  finger  is  usually  distinct  from  the 
tendons  of  the  third,  fourth,  and  fifth  fingers,  far  above  the 
wrist.  It  is  a  curious  fact  that  in  the  apes,  that  in  other  re- 
spects most  nearly  resemble  man,  the  differentiation  of  the 
action  of  the  thumb  is  most  imperfect.  Thus,  in  the  Chim- 
panzee (Troglodytes  Axibryi)^  Professor  Gratiolet  found  that 
the  thumb  is  bent  by  an  oblique  slip  of  the  tendon  of  the 
muscle  that  bends  the  other  fingers  ;  it  is,  therefore,  influenced 
by  the  common  movements  of  flexion,  and  consequently  not 
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free.  This  type,  according  to  Gratiolet,  is  realized  in  the 
Gorilla  as  well  as  in  the  Chimpanzee :  the  small  tendon  which  in 
these  animals  flexes  the  thumb  is  reduced  to  a  tendinous  thread, 
which  exerts  no  action,  for  its  origin  is  lost  in  the  synovial 
folds  of  the  tendons  which  bend  the  other  fingers,  and  it  abuts 
on  no  muscle.  The  thumb,  therefore,  in  these  apes  is  won- 
derfully enfeebled,  and  in  none  of  them  is  there  a  trace  of  the 
large  independent  muscle  {fl,  poll,  long.)  which  gives  move« 
ment  to  the  human  thumb ;  and,  far  from  becoming  more 
strongly  developed,  the  thumb  so  characteristic  of  the  human 
hand  seems  in  the  most  elevated  apes  (  Orang)  to  incline  to  a 
complete  annihilation.  These  apes  have,  therefore,  nothing 
in  the  organization,  of  their  hand  which  indicates  a  passage 
into  the  human  form. 

I  have  never  had  an  opportunity  of  dissecting  the  hand  of 
a  Gorilla  or  of  an  Orang,  but  I  have  dissected  the  hand  of 
the  Chimpanzee  (  Troglodytes  niger).  In  this  animal  I  found  the 
flexor  tendon  of  the  thumb  to  be  formed  by  the  union  of  two 
small  thread-like  tendons;  one  of  which,  of  silken  lustre,  was 
derived  from  the  portion  of  the  Jl.  dig.  sublimis  muscle  cor- 
responding to  the  index  finger,  and  the  other,  equally  slender, 
but  wanting  the  silken  lustre,  proceeded  from  the  tendon  of 
the^.  sublimia  of  the  little  finger. 

The  peculiarities  of  the  human  ^.^^^.  longua  have  always 
been  insisted  upon  by  anatomists  as  essentially  characteristic 
of  Man,  as  distinguished  from  the  Quadrumans ;  but  excep- 
tions of  the  most  startling  kind  are  occasionally  met  with.  In 
1864,  a  male  subject  was  brought  into  the  dissecting-room  ot 
Trinity  College,  one  of  the  hands  of  which  was  dissected  by 
Mr.  Finny,  Med.  Schol.y  who  made  the  following  note  at  the 
time : — 

♦♦  AhnotmBl  flexor  poinds  longus.  The  fleshy  origin  of  this 
muscle  from  the  bone  of  the  forearm  was  entirely  wanting,  and 
the  tendon  of  the  fl.  poll.  long,  was  attached  opposite  to  the 
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bftse  of  the  thiid  metscarpBl  bone,  to  Uie  tendons  of  the^.  dig. 
frofundua,  on  their  superficial  surface." 

This  remarksble  atrangenient  of  the  flexor  tendons  of  the 
hand  is  identicBl  with  that  found  in  the  Macaques,  and  other 
monkeys  of  the  Old  World,  shown  in  Fig.  17(a).  Whether 
this  man  was  a  Macaque  passing  upwards  into  a  man,  or  a  man 
passing  downwards  into  a  Macaque,  must  be  decided  by  the 
reader,  according  as  bis  sympathies  are  with  Lamarck  or 
Buffon. 

(&).  7^  Quadrumant. — The  peculiarities  of  the  thumb  in 
the  higher  apes  have  been  already  alluded  to ;  in  the  lower 
monkeys  a  remarkable  difference  is  found  in  the  deep 
flexors  of  the  fingers,  between  the  monkeys  of  the  Old  and 
New  Continents.     This  difference  is  shown  in  Fig.   17,  in 


which  (a)  represents  the  distribution  of  the  tlexor  tendons  in 
the  hand  of  the  monkeys  of  the  Old  World,  and  (b)  their  die- 
tribntion  in  the  hand  of  the  monkeys  of  the  New  World.  If 
we  take  the  Macaque  (Macactu  Nemestrinut)  (Fig.  17,  a),  as 
the  type  of  the  Old  World  monkeys,  we  And  the  following 
arrangement.  There  is  no  distinct^,  po^  long,  muscle,  but  a 
tendon  branches  off  to  the  thumb,  starting  from  the  central 
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portion  of  the  common  tendon  of  the  fi.  dig.  f>rof^  fts  shown 
in  the  drawing. 

If  we  call  the  cross  section  of  the  common  tendon  loo,  we 
find  the  cross  sections  of  the  thumb  and  four  fingers,  as  fol- 
lows : — 

I.  Macaque  {deepJUxoru  qffingen). 

Flexor  dig  profundu^^     •     •     .     loo 

1.  Thumb, 19.3  per  cent. 

2.  Other  fingers,     •     •     •    40.0       „ 

3.  Deficiency,    ....     40.7       „ 

Total,     .    •     .  1 00.0 


In  the  hand  of  the  Sooty  Mangabey  {CereoeebuB  fuligiiiasw) 
I  obtained  the  following  results : — 

a*  Sooty  Mangabay  {deepflexon  of  fingers). 
Flexor  dig*  prof  .^     ...     100 

1.  Five  fingers,     .     .     •     50.8  per  cent. 

2.  Deficiency,       •     .    •     49.2       „ 

Total,  •     .     .  1 00.0 


In  the  monkeys  of  the  New  World  (Fig.  17  6.),  a  more 
degraded  type  of  thumb  is  found  to  exist ;  for  the  flexor  ten- 
don of  the  thumb  proceeds,  not  from  the  central  and  upper 
portion  of  the  common  flexor  tendon  of  the  fingers,  but  from 
the  side  of  that  tendon,  as  shown  in  the  drawing ;  an  arrange- 
ment which  reduces  the  thumb,  as  in  animals  lower  than 
monkeys,  to  a  simple  finger.  In  some  of  these  monkeys 
also  the  thumb  itself  becomes  rudimentary,  and  is  not  fur- 
nished   with  any  flexor  tendon  whatever.     The  Ateles,  or 
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Spider  monkey,    owes  its   scientific  name   to  this  circum- 
stance. 

The  following  observations  show  the  relative  cross  sec- 
tions of  the  flexor  tendons  of  the  hand  in  several  of  the  New 
World  monkeys. 

3.  Spider  Monkey  {deepfiexora  of  fingers). 
Flexor  dig,  prof.^ 


• 


100 


I.  Second  finger,  . 

•    •     18.4  per  cent. 

2.  Third  finger, 

•     •    20.4      „ 

3.  Fourth  finger,    . 

•    •    20.4      %, 

4.  Fifth  finger. 

.     .     14.3 

5.  Deficiency,    .     . 

.    .    a6.5       „ 

Total, 

1 00.0 

4.  Negro  Monkey  {deepfiexora  of  fingera). 
Flexor  dig.  prof.^     .     .     100 


I.  five  fingers,      •     •     •     72.6  per  cent 
2*  Deficiency,   ....     27.4       „ 


Total, 


.    lOO.O 


$•  CapfWilvin  Monkey  {deepfiexora  offingera). 
Flexor  dig.  profit      .     . 


100 


1.  Five  fingers,  .     .    64.7  per  cent. 

2.  Deficiency,    ....     35.3       „ 

Total,     •     •     .   1 00.0 
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(e).  The  Camivorea.    I  have  examined  the  deep  flexor 
tendons  of  the  following  Carnivores : — 

I.  The  Tiger, 
a.  The  Wolf. 

3.  The  Pyrenean  Mastiff. 

4.  The  Bengal  Fox. 

5.  The  Virginian  and  Japanese  Bears. 

I.  Tiger  (deep  flexors  of  fingers)* 
Flexor  dig.  pro/.^     .    •     100 

1 .  First  finger,  .     . 

2.  Second  finger,    • 
3    Third  finger, 

4.  Fourth  finger,  . 

5.  FifUi  finger, 

6.  Pad  refractor,  . 

7.  Deficiency,   .  • 

Total,     • 


23.4  per  cent. 

iSS 

tf 

ia.7 

tf 

>M 

>f 

1 1.8 

ft 

1.4 

»> 

22.7 

f> 

100.0 


The  Tiger  has  no  fl.poil.  long,  distinct  firom  the^.  dig,  long. 
muscle,  and  the  thumb  is  therefore  flexed  by  the  same  mus- 
cular eflbrt  as  the  other  fingers ;  the  strength  of  the  tendon 
that  flexes  the  thumb,  as  compared  with  that  of  the  tendons 
of  the  other  fingers,  is  remarkable,  and  shows  the  great  im- 
portance of  this  digit  in  the  grasping  action  of  the  animal^s 
paw. 

There  are  some  circxmistances  in  the  history  of  this  fine 
tiger,  which  throw  light  upon  the  details  of  muscular  action, 
and  which  are,  in  themselves,  suflicicntly  interesting  to  jus- 
tify a  slight  digression,    llie  tiger  and  tigress,  brother  and 

*  Those  ineasuromenta  were  taken  from  the  left  paw 


\ 


ANIMAL  MECHANICS.  127 

sister,  arrived  in  the  Dublin  Zoological  Gardens  on  the  22nd 
March,  i860,  being  then  about  two  years' old ;  they  were  a  do- 
nation to  the  Gardens  from  Major- General  Montgomery  (Bom- 
bay Army),  who  had  shot  their  mother  and  carried  home  the 
two  cubs,  and  afterwards  kept  them  in  his  bungalow  f q^  nearly 
one  year.  While  under  General  Montgomery's  care  they  had 
become  playmates  to  his  children,  and  it  is  a  remarkable  fact, 
that  when  visited  by  two  of  these  children  in  the  Dublin  Gar- 
dens, after  nearly  two  years'  absence,  both  animals  recognised 
their  former  friends,  and  expressed  their  satisfaction  by  loud 
purring  and  by  licking  the  children's  hands  gently  with  the 
tips  of  their  tongues,  being  well  aware  that  the  rough  surface 
of  the  tongue  would  cause  pain.  The  claw  of  the  fourth 
linger  of  the  right  paw  of  the  tiger  grew  into  the  finger  pad 
of  the  foot  early  in  1866,  and  was  removed  by  me  in  May  of 
that  year ;  afterwards  the  claws  of  the  second,  third,  and  fifth 
fingers  grew  into  the  finger  pads,  and  were  cut  by  me  in 
January,  1867.  On  both  occasions  the  tiger  showed  great 
anger  at  the  pain  that  was  caused  by  the  operation,  but  shortly 
afterwards  insisted  on  licking  my  hands,  expressing  his  desire 
to  do  so  by  constant  purring  and  by  rolling  himself  upon  his 
back,  in  the  manner  of  a  kitten  at  play. 

It  is  worthy  of  remark  that  it  required  the  united  strength 
of  eight  men,  to  hold  the  tiger  during  these  operations,  al- 
though I  have  seen  a  similar  operation  performed  easily  upon 
a  large  African  lion,  with  the  help  of  five  men. 

This  tiger  died  on  the  20th  February,  1869,  of  malignant 
putrid  fever,  after  forty-eight  hours'  illness,  and  on  dissecting 
his  muscles,  I  paid  particular  attention  to  the  relative  deve- 
lopcment  of  the  deep  flexors  of  the  right  and  left  paws.  The 
only  claw  that  had  again  grown  into  the  pads  of  the  foot  was 
that  of  the  third  finger  of  the  right  foot. 
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Btmfti  Tifer  \detp  fiutor  maiae/es). 

Kru  pftv  lOiqgiowth  of  claws),    .     10.87  ^^-  *^' 
L«ES  rav  ^saiBJMPed),    .     •    .    .     •     13-30       %% 

hi  ^  ase  cc2«r  snscles  of  the  rigbt  and  left  foreann,  there 
was  a  iE^dts  prepcadenace  of  the  muacles  of  the  left  (unin- 
jiLZ^)  soe  CT«f  those  of  the  right  side,  but  it  was  not  so 
n^u^eii  ia  S3  j  as  xa  the  deep  flexors  of  the  fingers,  and  in 
lifee  scft^  ptilrur  sisscle.  which  were  directly  involved  in  the 
iajaxT  occii5»xi<ed  bj  the  overgrowth  of  the  claws.  The  abso- 
luLte  aad  neiasiv^  wei^ts  of  the  muscles  of  the  two  forearms 
axe  sh«>wa  in  the  toUowini;  table  : — 


rAKLS  XXIIL— l>anpm«Mi  of  ike  Weights  of  the  Muscles  of 
dW  fw^  flvy  Pjwtt  of  a  Bengal  Tiger,  in  which  the  Claws  of 
Ae  Rhit  Fx4  haJgnmn  into  the  Finger  Pads* 


ct 


1.  Fl.  ctrfs.  nil. 

4.  FL  ctips  uln., 

5.  FL  dig.  »ak4., 

6.  Fl.  dif .  Mvif., 
?.  Fl.  poU  loQg., 
S.  IVi».  quftdr., 
9.  Sup.  rftiL  lour., 

0.  En.  carp.  nd.  longr 

1.  Ext.  cazp.  fmL  hr«Tr. 
a.  Sup.  nuL  brer., 

3.  Ex  di*,  long.,  .     . 

4.  AnricuuriB,  .    .    . 

5.  Ext.  carp,  oln., 

6.  Ext.  on.  met  polL, 

7.  Indicator,     .    .     . 


3-5 « 
a.ia 

4-Ta 

5-r 


1 

13.30 

«-99 

3.50 

4.ao 

3.30 

i.ii 

a.6o 

: 

1.40 

i 

a.90 

a.So 

0.60 

atftitpav. 


Batia 


«▼. 


3.06 

3.07 
S-45 
0-37 

ia87 


i.7» 
3-«3 

89 
89 

i.oS 

93 

87 
9« 

a-3S 

90 

1.04 

2.65 
a.aS 

74 

0.5S 

97 

96  per  cent. 

97 


65 

i 

81 


ft 
n 


n 
ft 
*« 

n 
n 
»» 
»t 
«t 
•t 
*t 


It  appears  from  the  foregoing  Table  that  the  muscles  that 
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lufTered  most  from  the  injuiy  produced  by  the  ulceration  of 
he  foot  pads,  were— 

Palmaris  longu$^      •     .     65  per  cent. 
Flexor  dig,  longuM^  .     .     81        ,, 
EjXt,  099.  met,  polL^  •     .     82        n 

2.  Tn  the  European  Wolf,  I  obtained  the  following  re* 
nilts: — 

Wolf  {deepflexor9  of  fingers). 
Flexor  dig.  prof.^    .     .      100 


I.  First  finger,        .     •     . 

7.0  per  cent 

2.  Second  finger,     .     .     . 

19.1        „ 

3.  Third  finger,  .    .     .     . 

12.8        „ 

4.  Fourth  finger,     .     . 

12.7        „ 

5.  Fifth  finger,       .     .     . 

17.0        „ 

6.  Deficiency,     .     .     . 

•     3M        >f 

1 00.0 

3.  Ta  the  Pyrenean  Mastifi*,  the  following  results  were 
found: — 

Pyrenean  MaxAff  {deep  flexors  of  fingers). 
Flexor  dig,  prof,     .     .     100 


I.  First  finger, 

.     .       8  per  cent 

2.  Second  finger. 

.19       n 

3.  Third  finger,    .     . 

.24       „ 

4.  Fourth  finger. 

24       „ 

5.  Fifth  finger,     .     . 

.18       „ 

6.  DeBciency,       .     . 

..7m 

Totol,    . 

100 

I'M 


ANIMAL  MECUAMICS. 


TheJUw.  poll.  long,  muscle  ib  not  disdncl  from  the^  JSg. 

prof,  in  either  the  Wolf  or  Dog,  while 
in  the  Fox  it  constitutes  a  small  but  dis- 
tinct muscle,  one-tenth  of  the  weight  of 
the  deep  flexor,  having  a  tendon  of  its 
own,  that  joins  the  common  tendon  of  the  | 
deep  flexor  at  the  wrist.  This  arrange- 
ment of  tendons  in  the  paw  of  the  Fox  is 
shown  in  Fig.  1 8^  and  constitutes  an  addi- 
tional distinction,  separating  the  Fox  from 
the  Dog  and  Wolf. 

4.  The  Fox  examined  by  me  was  a 
Bengal  Fox»  which  gave  the  following 
measurements : — 

Pig. !«. 

Bengal  Fox  {deep  flexors  of  fingers). 

Weight 

Flexor  dig.  prof^  .     .     97.5  per  cent.     .    0.15  oz.  av. 
Flexor  poll,  long.f  .     .      2.5         „  0.015     «» 


Total,     .     .        1 00.0 

I.  First  finger,  .     .     . 

2*5  per  cent 

2.  Second  finger,    .     . 

•     20.7       „ 

3.  Third  finger,      .     . 

.     19s       " 

4.  Fourth  finger,"  .     . 

.     18.3       „ 

5.  Fifth  finger,       .     . 

.     18.3       ., 

6.  Deficiency,    .     .     . 

•     20.7       „ 

Total,     . 

.  1 00.0 

The  tendon  of  the^.  poll,  long,  acts  upon  the  common 
deep  flexor  tendon  in  the  direction  of  the  prolongation  of  the 
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tendon  of  the  thnmb,  imd  must  exert,  by  its  oblique  pull^  a 
distinct  action  upon  that  digit.* 

5.  In  the  Virginian  and  Japanese  Bears  I  found  the  fol- 
lowing results : — 

Virginian  Bear  (deep  flexors  offlngere). 
Flexor  dig.  prof  ..     .     .     .     100 


I .  First  finger, 

.     .     .       9. 1  per  cent 

2.  Second  finger,  . 

.     .     •     15-9      .. 

3.  Third  finger. 

•    •     .     16.9      „ 

4.  Fourth  finger,  . 

•    •     •    ^S-3      n 

6.  fifth  finger, 

...      7.8      „ 

7.  I)eficiency,. 

.    .     .     35.0      „ 

Total, 

.     .     .    1 00.0 

Japanese  Bear  (^deep  flexors  offlngers). 
Flexor  dig.  prof  .f         .     .     100 

1.  Five  fingers,     ....     69.4  per  cent. 

2.  Deficiency, 30.6      „ 

Total,  1 00.0 


(d).  The  Ungulates. — The  Ungulates  examined  by  mo,  in 
reference  to  the  relative  strengths  of  the  tendons  of  the  deep 
flexors  of  the  fingers  above  and  below  the  wrist,  were  the  Goat 
and  the  Llama.  I  examined  the  wrist  tendons  of  the  Rhinoce- 
ros also,  and  found  them  to  resemble  those  of  the  foot  already 
described,  both  as  to  arrangement  and  relative  cross  sections. 

*  It  has  been  fuggested  to  me  by  Dr.  Templeton,  that  the  JL  poll  Ung, 
enables  the  Fox  to  climb,  an  action  of  which  Dogs  and  Wolves  are  incapable. 

k2 
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I.  In  the  Bombay  Goat  I  fotind  the  followbg reflolts : — 
Flexor  dig.  profwiduM^  •     loo 


t.  First  finger, 
2.  Second  finger,  . 


49.2  per  cent. 
50.8       „ 


Total,     .     .     .  1 00.0 


2.  In  the  Llama,  the  following  cross  secdons  were  ob- 
tained : — 

Flexor  dig.  prof,^  85.6  per  cent 

Friction^  jTC,      .     •     14.4       t» 


Total,      .     . 


1 00.0 


1 .  First  finger,   •     .     .    49.  i  per  cent. 

2.  Second  finger,    .     .     50.9       „ 


Total, 


.   1 00.0 


In  the  hands  of  tbe  animals  previously  described,  the 
cross  section  of  the  deep  tendons  of  the  fingers  was  less  than 
that  of  the  common  tendon  above  the  wrist ;  which  is  the  es- 
sential characteristic  of  a  hand  as  distinguished  from  a  foot 
In  these  Ungulates,  however,  we  find  that  in  the  Goat,  the 
cross  sections  become  equal,  and  that  in  the  Llama,  the  cross 
section  of  the  finger  flexors  becomes  greater  than  that  of  the 
common  tendon ;  thus  reducing  the  fore-foot  of  this  animal 
to  the  condition  of  a  true  foot,  and  degrading  it  from  the 
dignity  of  a  paw,  or  hand. 

(«).    The  Bodents. — The  only  rodent,   of  which  I  have 
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examined  the  flexor  tendons  of  the  hand,  is  the  Porcupine, 
which  gave  me  the  following  results  :— * 

Porcupine  {deep  Jlexon  of  fingerd). 
Flexor  dig*  prof ^      .    .         loo 


I.  Second  finger, .     .    •     • 

7.7  per  cent. 

2.  Third  finger,    .     •    •     . 

7.6      „ 

3.  Fourth  finger,  .    •    .    . 

7-1       »f 

4.  Fifth  finger,      •    •     • 

•      6.6      „ 

5«  Deficiency,  •     •    •    . 

.    71.0      „ 

Total,     .     . 

.  1 00.0 

In  the  Porcupine,  no  slip  from  the  deep  flexor  tendon  is 
given  ofi*  to  the  thumb,  and  there  is  no^.  poU.  long,  muscle. 
It  will  be  remembered  (p.  no),  that  the  foot  of  the  porcupine 
resembles  a  hand,  in  having  the  cross  section  of  the  flexor 
tendons  greater  above  the  heel  than  the  cross  sections  of  the 
tendons  of  the  toes  ;  and  it  is  remarkable,  that  in  the  hand  of 
the  same  animal,  the  difference  between  the  similar  tendons 
is  greater  (71  per  cent.)  than  in  any  other  hand  examined  by 
me. 

(/).  The  Mareupiale. — In  the  hand  of  the  Wallaby  Kan* 
garoo,  I  found  the  following  cross  sections : — 

Five  fingers, 1 00 

1.  Flexor  dig.  profy   .     .     .     98.3  per  cent. 

2.  Frietion^  ^'c  ^      ....      1 .7       „ 


Total,  .     .    1 00.0 
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If  we  now  collect  into  one  Table,  the  obsenrationB  mtde 
upon  the  flexors  of  the  band,  we  shall  find  the  difierence  be* 
tween  these  and  the  flexors  of  the  foot  to  be  yeiy  remark- 
able (vide  Table  XXII.) 


Table  XXIV. — Cofnparative  View  of  the  Friction  of  the  Deqk 

Flexors  of  Fingers. 


(A.)  P  >  P';  orCronSectkMiofTnidooaofFiniengrMfttr 
tlian  CroM  SectioD  of  Tendons  of  Mnadm. 

Friction. 

1.  Llama  (Lhtma  famma\ 

a.  Wallaby  Kangaroo  {Haimatunu  Uaiahaiut),    . 
3.  Goat  (Jxircwt  4^a^nM),    ....;... 

14.4  per  cent 

17 

ao        „ 

P' :  or  CroM  Section  of  Tendons  of  Fingers 
than  Cross  Section  of  Tendons  of  MusotoSb 


3.  Qoat  (Hireut  a^offrut),    .... 

4.  Hum  (Omit  famUiaria),      .     .     . 

5.  Fox  ( Vulpu  fFuifforit)^     .... 

6.  Ti^r  (  Tigris  rtgaU$\       .... 

7.  Spider  Monkey  {At9le$  aUr\     ,     . 

8.  Negro  Monkey  (Lagothrix  HumMdtii)^ 

9.  Japanese  Bear  (  Urtui  Japonicm)^     . 

10.  Wolf  {Gani*  luput)^ 

11.  Virginian  Bear  (  Urtut  Amerieanui^ 

12.  Capuchin  Monkey  {Cebu»  Capuemu»% 

1 3.  Macaque  {Maeaeut  NemutrinuM)^ 

14.  Sooty  Mangabey  {Otrcoeebut  fu/iffinonui), 

15.  Porcupine  (//y<frtjtfri«/afa J, 


FHcUoo. 


0.0  per 

7.0 

ao.7 

ai.7 

a6.s 

a7.4 
30.6 

3«.4 
35. o 

35.3 
40.7 

49.  a 
71.0 


cent 


It 
i» 
It 
ti 
If 
It 
It 
«t 
ft 
«• 
tt 

ta 


The  preceding  Table  demonstrates  the  fact,  that  in  the 
hand  (or  fore  foot)  of  most  animals,  the  cross  section  of  the 
tendon  of  the  deep  flexor,  at  the  wrist,  is  greater  than  the 
united  cross  sections  of  its  branches  subdivided  to  the  various 
fingers.  In  fact,  the  only  animal,  out  of  fifteen  examined,  in 
which  the  reverse  condition  takes  place,  is  the  Llama,  whose 
fore  foot,  in  its  structure  and  mode  of  action,  may  be  regarded 
as  being  more  truly  a  foot  than  a  hand. 
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The  following  considerations  will  serve  to  show  more 
clearly,  the  important  mechanical  difTerences  involved  in  the 
Tables  of  cross  sections  of  the  flexors  of  the  hand  and  foot. 

The  mechanism  of  a  true  hand,  or  grasping  organ,  may  be 
thus  illustrated. 

Let  OAf  AB^  and  BC^  represent  three  bars  turning  upon 
hinges  at  A  and  B^  and  acted  upon  by  a  muscle  Om,  attached 


Fig.  19. 

to  a  tendon  mxy,  this  tendon  being  inserted  at  y,  and  pass- 
ing  through  a  loop  or  pulley  at  x.  When  the  muscle  Oni 
contracts,  the  system  of  bars  will  take  the  position  OABC^ 
which  is  more  flexed  than  the  position  OABC^  or  in  other 
words,  the  angles  at  A  and  B  are  smaller  than  the  angles  at 
A  and  B.  In  this  movement  of  flexure,  the  muscle  Om  is 
shortened,  while  the  tendon  mxy  remains  equal  in  length  to 
the  tendon  m'xt/ ;  but  since  the  angle  at  B  is  smaller  than 
the  angle  at  fi,  the  base  of  the  triangle,  yV,  is  shorter  than  the 
base  yx,  and  therefore  the  tendon  is  drawn  through  the  loop 
»  in  the  direction  of  the  arrow,  towards  the  point  0 ;  hence 
the  friction  of  the  loop  «',  which  is  opposite  to  the  direction 
of  the  motion,  assists  the  part  of  the  tendon  yV,  which  is 
situated  below  the  loop.  If  therefore  the  force  of  the  muscle 
be  denoted  by  P',  and  the  friction  of  the  loop  by  f ;  we  shall 
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have  for  the  strength  of  the  tendon  x/at^  the  equation  (eiVb 
P-  83)- 

Fr^F^P.  (15) 

The  tendon  xrri  above  the  loop  must  be  made  sufficiently 
strong  to  resist  the  force  of  the  muscle  P ;  while  the  tendon 
yx  below  the  loop  need  only  have  a  strength  sufficient  to  re- 
sist the  force 

or,  in  other  words,  the  cross  section  of  the  tendons  of  the 
fingers  of  a  hand,  will  fall  short  of  the  cross  section  of  the 
tendons  at  the  wrist,  by  a  quantity  that  represents  the  friction 
of  these  tendons  in  passing  through  their  various  sheaths  to 
be  distributed  to  the  ends  of  the  fingers. 

The  mechanism  of  a  true  foot,  or  walking  organ,  is  the 
reverse  of  that  of  a  true  hand.  When  the  toes  of  the  foot 
reach  the  ground,  they  are  partly  flexed,  as  at  OA'BC^  and 
when  the  point  C  touches  the  ground,  the  weight  of  the  body 
unbends  the  toes,  changing  them  from  the  position  OA'BC 
to  the  position  OABC.  The  muscle  Om'  resists  the  unbend* 
ing  of  the  toes,  and  is  forcibly  extended  to  the  length  Om^ 
acting  thus  as  a  sort  of  spring,  and  preventing  the  sudden 
shock  that  would  otherwise  be  given  to  the  body  each  time 
that  the  foot  reaches  the  ground.  Hence  it  is  evident,  for 
the  reasons  already  given,  that  the  tendon  y'x'm'  (which  is  in- 
extensible),  must  be  drawn  through  the  loop  4?,  in  a  direction 
opposite  to  that  of  the  arrow,  and  that  the  friction  of  the  loop 
acts  towards  0,  helping  the  portion  of  the  tendon  xm  situated 
above  the  loop ;  hence  in  this  case  we  have 

P^F^P;  (ij) 

from  which  it  appears  that  the  cross  section  of  the  tendons  of 
the  toes  must  exceed  the  cross  section  of  the  flexor  tendons 
at  the  heel,  by  an  amount  (F)  representing  the  friction  of  the 
sheaths. 


AMIIIAL  MECHANICS.  137 

7.  On  the  Mechameal  Work  done  by  the  Human  Heart. — ^The 
heart  constitutes  so  peculiar  and  so  important  a  muscle,  that  it 
is  worthy  of  a  distinct  consideration.  It  contracts  constantly 
by  means  of  a  self-acting  nerve  supply,  and  works  day  and 
night  while  life  lasts,  without  ever  experiencing  a  sense  of  fa- 
tigue, or  the  necessity  for  rest.  Let  us  examine  what  is  the 
mechanical  equivalent  of  the  work  done  by  an  average  human 
heart  during  the  course  of  a  single  day  and  night : — 

Let  Q  denote  the  weight  of  the  quantity  of  blood  that  is 

expelled  from  the  left  ventricle  into  the  aorta  at  each  stroke 

of  the  heart,  and  let  h  denote  the  height  of  a  colimm  of  blood 

that  would  measure  the  fluid  pressure  inside  the  ventricle  at 

the  moment  of  contraction.     It  follows,  from  the  hydraulic 

laws  of  spouting  fluids,  that  the  blood  Q,  if  thrown  vertically 

upwards,  woidd  ascend  to  the  height  A,  so  that  the  work  done 

in  a  single  stroke  of  the  left  ventricle  is  represented  by  the 

product 

Q  X  A  -I  Work  done. 

We  have  now  to  estimate  the  values  of  the  quantities  Q 
and  A : — 

The  estimates  given  by  various  anatomists  of  the  capacity 
of  the  left  ventricle  vary  from  2  to  5  oimces  (water),  the 
former  estimate  being  that  of  the  empty  ventricle,  which  ad- 
mits of  considerable  distention,  especially  during  life.  It  is 
extremely  difficult,  if  not  impossible,  to  say  what  is  the  amount 
of  distention  experienced  by  the  left  ventricle  before  it  con- 
tracts upon  its  contents,  and  expels  them.  From  some  ex- 
periments that  I  have  made,  it  seems  to  me  probable  that  the 
distention  does  not  amount  to  more  than  fifty  per  cent.,  and 
that  we  shall  not  be  far  from  the  truth  if  we  take  Q  to  be 
3  ounces  of  blood,  neglecting  the  difference  of  specific  gravity 
between  blood  and  water. 
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Professor  Donders*  assumes  the  capacity  of  the  left  ren- 
tricle  to  be  1 88  grammes,  which  are  equivalent  to  6.63 1  oz.  av., 
a  result  which  seems  to  me  more  like  the  capacity  of  both 
ventricles,  than  that  of  one  only. 

In  order  to  find  the  quantity  A,  I  shall  employ  the  experi* 
ments  of  the  Bev.  Dr.  Hales.f  Having  opened  a  large  artery, 
such  as  the  crural  or  carotid,  in  several  animals^  Dr.  Hales  in* 
serted  abrass  or  glass  tube  into  the  opening,  and  observed  the 
height  at  which  the  blood  stood  before  the  animal  had  lost 
any  large  quantity  of  blood.  The  following  are  some  of  his 
results :— 


No. 

1 

Art0ry* 

Height  In  Taba 

I  •  Marc,     .... 

2.  Gelding, 

3*  Marp,      .... 

4.  Wether 

5.  Fallow  Doc,       .     . 

6.  Dog, 

Left  Crural,    . 

>i         »»              • 
Left  Carotid,  .     . 

Carotid,     . 

Left  Crural,    .     . 

Crural,      .     .     . 

8.  iS  f«et. 

lit :: 

4-17    ,, 
6.66    „ 

An  important  fact  was  ascertained  by  Dr.  Hales  during 
the  course  of  these  experiments,  viz.,  that  when  some  of  the 
blood  was  allowed  to  flow  away,  the  force  of  the  heart's  con* 
traction  diminished,  no  doubt  in  consequence  of  the  dimi- 
nished resistance  offered  by  the  diminished  circulation ;  the 
heart,  as  it  were,  instinctively  measuring  the  work  to  be  done, 
and  expending  upon  it  exactly  the  force  required.  The  height 
of  blood  in  the  tube,  which  measured  the  force  of  the  hearths 
contraction,  became  less  and  less  as  the  blood  was  allowed  to 
flow  off,  until  it  reached  a  minimum  height,  when  the  animal 
expired.  This  minimum,  carefully  measured  in  the  case  of 
the  horses,  was  found  to  be — 


♦  Phyaiologic  des  Mcnschen  (Leipzig,  1859),  p.  109. 
t  Statical  Essays  (London,  1769),  vol.  ii. 
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Na 

1 

MAztmnm  height 
before  lo«  of  blood. 

Minimain  Ue\ght 

Total  Blood  lort. 

1.  Mare,     .     . 

2.  Gelding,.     . 

3.  Mare,     .     . 

8.  25  feet. 
9-6<^    «f 
9- 50     M 

a.  33  feet. 

a.  83    i> 
a.  4a    » 

924  cub.  in. 

895      .1 
833       M 

Mean,      .     . 

•.14  feet 

S.  63  feet 

8a4  cub.  in. 

It  appears  from  the  foregoing  table  that  the  minimum  con- 
traction of  the  horse's  heart,  corresponding  to  the  resistance 
offered  by  a  circulation  almost  drained  of  its  blood,  amounts 
to  the  pressure  of  a  column  of  blood  2.53  feet  in  height.  Dr. 
Hales'has  also  recorded  the  important  fact,  that  the  crural  or 
carotid  artery  of  the  horse,  when  first  cut  and  allowed  to  spout 
freely,  does  not  throw  the  blood  much  higher  than  2  feet. 
It  would  appear  from  this  observation  that  the  cutting  and 
free  exposure  of  a  cut  artery  to  the  air  relieves  the  heart  at 
once  of  the  resistance  offered  by  the  capillary  circulation,  for 
otherwise  it  is  difficult  to  understand  why  the  blood  should 
not  spout  upwards  through  9  feet  instead  of  somewhat  over 
2  feet. 

Experiments  on  the  pressure  of  the  blood  inside  the  human 
heart,  similar  to  those  of  Dr.  Hales  on  animals,  have  not  yet 
been  made;  but  it  is  estimated  at  7.5  feet  by  Dr.  Hales  from 
considerations  founded  on  the  comparative  bulks  of  the  soft 
parts  of  man  and  of  the  horse  supplied  by  the  arterial  circula- 
tion. 

The  following  observation  and  calculation  of  the  velocity 
of  blood  spouting  from  a  large  artery  in  man,  lead,  as  I  be- 
lieve, to  a  more  correct  estimate,  although  indirect,  of  the 
pressure  of  blood  inside  the  left  ventricle. 

On  tlje  1 8th  of  March,  1863,  a  large  fibro-cellular  tumour 
was  removed  by  Mr.  M.  H.  Colles,  in  the  operating  theatre  of 
the  Meath  Hospital,  from  the  left  groin  of  a  middle-aged. 
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I 


4 


1 

I 

I    • 


\ 


large-sized  man ;  in  the  course  of  the  operation  the  extemtl 
epigastric  artery,  which  appeared  enlarged  to  feed  the  tumooi^ 
was  divided,  and  before  it  could  be  ligatured,  strong  jels  of 
blood  from  it  were  thrown  in  various  directions  about  the 
room.  I  noticed,  as  the  poor  fellow  moved  about  on  the 
operating  table,  that  the  jets  of  blood  fell  short,  or  enjoyed  a 
long  range,  according  to  the  angle  of  elevation  of  the  orifice 
of  the  bleeding  artery,  and  that  there  was  a  certain  mazi* 
mum  range  on  the  floor  of  the  theatre,  which  was  -not 
exceeded. 

I  saw  immediately  that  I  had  before  my  eyes  the  solution 
of  the  problem  that  had  puzzled  me;  as  by  measuring  the 
co-ordinates  of  the  maximum  range,  I  could  calculate  the 
velocity  with  which  the  blood  left  the  artery. 

In  the  annexed  figure,  which  is  drawn  to  scale,  let  A  re- 
present the  orifice  of  the  artery,  and  B  the  position  of  the  far- 


I 


Fig  ao. 


thest  squirt  of  blood  on  the  floor ;   OA  was  found  to  be  3  ft. 
6  in.,  and  OB  was  8  ft.    It  is  well  known  that  A  X,  the  direc- 
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tion  of  projection  of  the  maximum  range  on  the  plane  ABf 
bisects  the  angle  CAB^  and  that 

-      /Zcos't  ,  ^v 

h ;  (i6) 

4  cos*  e 

where 

A  s  the  unknown  height  due  to  the  Telocity  of  projection ; 

M  a  the  tnaiinmm  range  AB  a  8.773  ft. 

t  8  the  angle  made  by  AB  with  the  horixon  «  24*   14' ; 

#  a  the  angle  of  elevation,  made  by  AX  with  the  horizon  *  31*  53'. 

Substituting  the  preceding  values  in  equation  (16),  I  find 

A  a  2.586  ft. ; 

and  since  the  velocity  of  projection,  v,  is  given  by  the  equa- 
tion, 

r-A/2flfA;  (17) 

it  follows  that 

V  a    12.905    ft. 

The  result  here  found  shows  that  the  heart  of  man,  when 
experiencing  the  minimum  of  resistance,  such  as  that  ofiered 
by  the  circulation  when  a  large  artery  is  divided,  or  the  vessels 
nearly  empty  of  blood,  contracts  with  a  force  measured  by 
2.58  ft.  of  a  vertical  column  of  blood.  The  heart  of  the  horse, 
under  similar  circumstances,  contracts  with  a  force  measured 
by  a  column  2.53  ft.  in  heights 

The  following  considerations  lead  us  to  the  conclusion  that 
it  is  probable  that  the  maximum  hydrostatical  force  of  man's 
heart  is  nearly  the  same  as  that  of  the  horse.  The  experiments 
of  Dr.  Hales,  fully  corroborated  by  the  recent  observations  of 
Poiseuille,  show  that  the  hydrostatical  pressure  of  the  blood  is 
the  same  in  all  the  arteries  of  the  same  animal,  that  have  a 
sensible  diameter  ;  from  which  fact,  it  is  plain  that  the  resist- 
ance to  the  circulation  of  the  blood  takes  place  in  the  capil- 
lary arteries  and  veins.     If  therefore  we  knew  the  relative 
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resistances  offered  in  man  and  in  the  horse,  to  the  capiUaij 
circulation,  we  could  estimate  the  relative  forces  with  which 
the  blood  is  propelled  in  the  circulation  of  these  animals. 

The  experiments  of  Poiseoille  on  the  discharge  of  liquids 
through  capillary  tubes,  prove  that  the  resistance  offered  by 
such  tubes  is  directly  proportional  to  the  lengths  of  the  tabes, 
and  inversely  proportional  to  the  squares  of  their  cross  sec- 
tions. 

The  quantity  of  liquid  discharged  by  a  capillary  tube  in  a 
given  time  is  inversely  proportional  to  the  resistance,  and  may 
be  expressed  in  general  by  the  following  formula— 

Q-^x^.  (i8) 

In  this  expression,  Q  denotes  the  quantity  of  liquid  discharged 
m  a  given  time  ;  J[  is  a  constant ;  h  denotes  the  charge,  or 
hydrostatical  pressure  of  the  fluid ;  and  d  and  I  are  the  diame- 
ter and  length  of  the  capillary  tube. 

There  is  reason  to  believe  that  in  animals  similar  in  bulk, 
the  arrangement  and  structure  of  the  capillaries  are  such, 
that  the  ratio  of  the  squares  of  their  cross  sections  to  the  total 
lengths  of  the  capillaries,  is  practically  constant ;  as  may  be 
ihown  by  a  comparison  of  the  sheep  and  the  dog ; — the  data 
concerning  which  animals  I  take  from  Dr.  Hales'  observations 
and  experiments.  The  left  ventricle  of  the  heart  of  the  sheep 
contains  1.85  cubic  inches,  and  its  pulse  beats  6^  times  in  a 
minute ;  the  quantity  of  blood  passing  through  the  capillaries 
in  a  given  time  being  proportional  to  the  product  of  these  two 
quantities.  The  hssmastatical  pressure  of  the  blood  in  the 
large  arteries  was  found  by  Dr.  Hales  to  be  6.46  h.  of  blood. 

Equation   (18)  gives  us,  for  the  coe£Scient  depending  on 
the  capillary  resistance, 

^     rf*      Q^  1.85  X  65  ^^g^ 

/  k  6.46 
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The  average  of  the  capacities  of  the  left  ventricles  of  the 
hearts  of  six  dogs  examined  by  Dr.  Hales  is  0.954  cub.  in. ; 
and  the  average  statical  pressure  in  the  arteries  of  sixteen 
dogs  experimented  on  by  him  is  4.75  ft.  of  blood ;  and  the 
average  pulse  of  the  dog  is  found  to  be  97  beats  in  a  minute. 
Hence  equation  (18)  ¥rill  give  us,  for  the  coefficient  depend^ 
ing  on  the  capillary  resistance  in  the  dog, 

I  h  4.71  ^ 

These  results,  depending  solely  on  the  resistance  offered  by 
the  capillary  vessels  to  the  flow  of  blood,  show  by  their 
near  approach  to  equality,  that  in  animals,  like  the  dog  and 
sheep,  we  may  safely  assume  the  resistance  offered  by  the 
structure  of  the  capillaries  to  be  nearly  the  same. 

The  sheep  and  dog  differ  from  each  other  considerably  in 
fixe  of  heart,  rate  of  pulse,  and  hsemastatical  pressure  of  blood : 
yet,  notwithstanding  these  differences,  the  capillary  coejficiefU 
depending  on  them  all  comes  out  to  be  nearly  the  same  in 
both  ammals.  The  capillary  coefficient,  found  by  experiments 
made  on  the  horse,  comes  out  to  be  double  that  of  the  dog 
and  sheep,  showing  that  the  resistance  to  the  circulation  in 
the  horse  is  only  half  that  of  the  smaller  animals. 

The  left  ventricle  of  the  horse  contains  10  cub.  in.,   and 
the  rate  of  pulse  is  36  beats  in  a  minute,  while  the  average 
hsemastatical  pressure  of  the  blood  in  the  arteries  is  9.14  ft.  of 
blood ;  hence,  we  obtain  tor  the  capillary  coefficient  in  the 
horse, 

^     <t     Q      10x06 

I      h        9.14        ^    ^ 

This  quantity  is  double  that  found  for  the  dog,  and  there- 
fore the  capillary  resistance  is  one-half 

Dr.  Hales  did  not  make  any  observations  on  the  haema- 


sucK3i  cbree  oc  ihB  maiol  bLood  in  she  ofx^  bat  tiiae  is 
ton  M  b«£ef  e  c&is  Es  is  nsber  greaser  ^as  a  t&e  liotie.  and 
mexnrto  xs&.duu  gfiL  If  wesressEbertrioasRnse  it  to 
be  9.66  ft^  w{ixc&  19  the gresitesc IbG^^  Mgawngd  iotbehone, 
we  eaa  calcniate  the  c^pfflwy  coeSexeBS  as  £bQovs : — In  die 
ox*  the  eapoeiCT  of  the  Ie&  ▼cntrirfe  vas  fix&Bd  bj  I>r.  Hales 
to  be  i2.f  cub.  bk^  and  the  pcxiae  beats  38  times  in  a  ounote. 
Hence  the  capSIaij  coefficient  xa  die  ox  ii — 

.     <^     Q      12.C  '38 

This  coefficient  is  nearly  the  same  as  that  of  the  hone,  an 
agreement  which  serres  to  show  that  the  capiDaij  resistanoe 
depends  more  on  the  bulk  of  die  animal  than  on  anj  other 
condition* 

If  we  suppose  the  coefficient  of  capillarj  resistance  to  be 
the  same  in  man  as  in  the  horse,  we  can  calculate  the  hsma- 
statical  pressure  of  the  blood  in  the  human  arteries,  as  foU 
lows : — ^The  human  heart  has  a  capacity  in  its  left  Tentride, 
when  In  action,  of  3  ounces,  or  5.2  cub.  in. ;  and  beats  75  times 
in  s  minute.     Solving- equation  (18)  for  A,  we  hare 

A  Q 

Substituting  for  Q  the  product  of  the  capacity  of  the  ven- 
tricle and  rate  of  pulse,  and  for  the  capillary  resistance,  its 
value  found  for  the  horse  we  obtain 

h  -  ^^— — ^  «  Q»Q2'l  feet  of  blood. 
39-3         ^ 


This  11  the  value  that  I  shall  assume  for  the  arterial  pressure 
in  man.  This  estimate  of  the  blood  pressure  approaches  to 
that  ol'Dondcrs,*  which  is  10.527  ft.  (3.21  metres). 


•  i> 


I'bysiologie,  p.  109. 
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We  are  now  in  a  condition  to  calculate  in  foot  tons,  the 
daily  work  done  by  the  left  ventricle  of  the  human  heart,  which 
lifts  at  each  stroke  3  ounces  through  a  height  of  9.923  ft.  Its 
value  is  the  following : — 

Daily  work  of  left  ventricle 

^  3  X  9-9'3  X  75  X  60  X  M  „  g    ^  j,  ^^^ 
16  X  2240 

I  6nd,  on  taking  an  average  of  the  estimates  of  Bouillaud, 
Laennec,  Cruveilhier,  Sommering,  and  Andral,  that  the  right 
ventricle  has  a  thickness,  which  is  to  that  of  the  left  in  the  pro- 
portion of  5  to  13  ;  and  as  the  cavities  are  of  equal  dimensions, 
the  thicknesses  are  proportional  to  their  muscular  powers  ;  in 
order,  therefore,  to  find  the  total  work  done  by  both  ven- 
tricles of  the  heart,  we  must  add  to  the  preceding  result  -^^jths 
of  its  amount,  from  which  we  obtain  finally, 

Dmilj  work  of  left  veDtricle,       ....     89.706  ft.  tons. 
Daily  work  of  right  yentride,    .    .     .     .     34.so2      „ 

Total  daily  work  of  both  yentricles,     1 24.208  ft.  tons. 

The  total  work  done  by  the  heart  is  somewhat  greater  than 
this  estimate,  for  the  auricles  of  the  heart  do  some  work,  in 
propelling  the  blood  into  the  ventricles ;  of  which  work  no 
account  has  been  taken  in  the  preceding  calculation. 

The  average  weight  of  the  human  heart  is.  found  from  tlic 
following  Table : — 

Table  XXV. —  Table  of  Average  Weight  of  Human  Heart. 


1.  Meckel,     .     .     . 

2.  Cruveiihier,  .     . 

3.  Bouillaud,     .     . 

4.  Lobstein,  .     .     . 

5.  Boyd  r»t.  30-40], 
I     6.  Boyd  [aut  40-50 J, 


Ounces. 


Moan 
L 


10.0 

7.5 

8.375 

9  5 
0.41 

10.56 


9-39  oz. 
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From  the  weight  of  the  heart  and  the  work  done  by  it  m  one 
day,  we  can  calculate  the  work  done  by  the  heart  per  ounce, 
as  follows : — 

Work  done  by  the  haman  heart  in  foot  Ibe.  per  oi.  per  miiiute» 

124.208  X  2240 


9.39  X  24  X  60 


=  ao.576. 


On  comparing  this  result  with  the  work  done  by  other 
muscles,  given  in  Tables  YII.  and  VIII.  (p.  62)9  we  observe 
that  the  work  done  by  the  heart  in  a  given  time  (20.576).  ex- 
ceeds considerably  the  work  done  by  the  muscles  in  a  boat 
race  (15.17).  In  a  boat  race,  the  labour  can  be  maintwied 
for  a  few  minutes  only ;  while  the  heart  labours  at  a  greater 
rate  throughout  the  whole  of  life. 

There  is  another  mode  of  exhibiting  the  wonderful  energy 
of  the  heart  which  is  worth  stating,  more  especially  as  it 
afibrds  a  means  of  comparing  my  own  result  with  that  of  Pro- 
fessor Helmholtz,  the  data  of  whose  calculation  I  am  not  ac- 
quainted with.  Let  us  suppose  that  the  heart  expends  its 
entire  force  in  lifting  its  own  weight  vertically,  then  the 
height  through  which  it  could  lift  itself  in  one  hour  b  thus 
found,  by  reducing  the  daily  work  done  in  ft.  tons  to  the 
hourly  work  in  foot  ounces,  and  dividing  by  the  weight  of 
the  heart  in  ounces. 

Height  through  which  the  human  heart  could  raise  ita  own  weight  in  one 

hour, 

124.208  X  2240  X  16 

«=  --^ =  19754  ft. 

»4X9.39 

Professor  Helmholtz*  states  as  the  result  of  his  own  calcu- 
lations, that  the  heart  could  raise  its  own  weight  through 
20250  ft.  in  one  hour.  It  has  been  already  stated  (p.  52), 
that  an  active  climber   can  ascend  9000  ft.  in  nine  hours, 

•  "Medical  Times  and  Gazette,"  May  14,  1864,  p.  529. 
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which  is  only  at  the  rate  of  looo  ft.  per  hour,  or  one-twentieth 
part  of  the  energy  of  the  heart. 

When  the  railway  was  constructed  from  Trieste  to  Vienna, 
a  prize  was  offered  for  the  locomotive  Alp-engine,  that  could 
lift  its  own  weight  through  the  greatest  height  in  one  hour. 
The  prize  locomotive  was  the  **  Bavaria,'*  which  lifted  herself 
through  2700  ft.  in  one  hour;  the  greatest  feat  as  yet  accom- 
plished on  steep  gradients.  This  result,  remarkable  as  it  is,  is 
only  one-eighth  part  of  the  energy  of  the  human  heart. 

Professor  Donders*  gives  an  estimate  of  the  force  of  the 
heart,  which  exceeds  considerably  the  result  found  by  Profes- 
sor Helmholtz,  and  by  myself.  He  assumes  the  contents  of  the 
left  ventricle  to  be  0.188  kil.,  or  188  cubic  centimeters,  or 
11*473  cubic  inches,  a  result  intermediate  between  the  capa- 
cities of  the  hearts  of  the  ox  and  horse,  measured  by  Dr.  Hales. 
Measured  in  ounces,  this  capacity  is  6.63 1  ounces,  or  more 
than  twice  the  capacity  assumed  by  me.  The  blood  pressure 
is  assumed  by  Donders  at  3.21  meters,  or  10.527  ft. ;  and  the 
force  of  the  right  ventricle  to  be  one-third  of  that  of  the  left 
ventricle.  The  other  elements  of  his  calculation  are  the  same 
as  my  own.  From  these  data,  the  daily  labouring  force  of  the 
heart  comes  out  equal  to 

87,400  kilogrammeters  -  281.03  ft.  tons. 

This  result,  as  might  be  anticipated  from  the  assumed  size  of 
the  ventricle,  is  more  than  double  that  found  by  myself  and 
Helmholtz,  from  independent  data. 

It  may  be  useful  to  the  reader  to  state  here  the  results  of 
observers,  subsequent  to  Dr.  Hales,  as  to  the  pressure  of  the 
blood  in  the  large  arteries  of  several  animals.  Dr.  Hales  ob- 
served the  maximum  pressure  in  the  arteries,  as  measured  by 

♦  Physiologic,  p.  109. 

I  2 
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a  vertical  column  of  blood,  which  was  noticed  to  rise  and  fall. 
Subsequent  observers  have  shown  that  in  the  anterior  extre- 
mity, the  blood  pressure  depends  on  the  respiration,  being 
greatest  during  expiration,  and  least  during  inspiration ;  and 
that  this  inequality  is  less  sensible  in  the  arteries  distant  from 
the  heart.  In  order  to  compare  the  observations,  it  is  desirable 
to  reduce  Dr.  Hales'  column  of  blood  to  millimeters  of  mer- 
cury. The  weight  of  a  cubic  inch  of  blood  is  267.7  grs., 
while  that  of  a  cubic  inch  of  water  is  252.5  grs.  The  specific 
gravity  of  mercury  is  13.596;  and  9.14  feet  (Dr.  Hales'  result 
for  the  horse)  are  equal  to  2785  millimeters.     Hence  we  find 

Maximum  mean  presnire  of  blood  in  the  hone,  according  to  Hales, 

2785  X  267.7 

B as  a'7.i7  mm.  of  mercury. 

13.596  X  252.5  ^ 

Poiseuille*  directed  his  attention  especially  to  the  deter- 
mination of  the  mean  pressure  of  the  blood,  independent  of 
expiration  or  inspiration  ;  but  has  left  in  his  memoir  (p.  295), 
the  data  for  calculating,  in  the  cose  of  the  horse,  the  maximum 
pressure  corresponding  to  that  observed  by  Dr.  Hales.  From 
the  experiment  there  recorded,  on  the  oarotid  artery  of  a 
horse,  I  have  calculated  the  maximum  mean  pressure  of  the 
blood  during  expiration,  and  find 

Maximum  mean  pressure  in  the  carotid  artery  of  the  horse,  according  to 

Poiseuille, 

s  229.75  mm.  of  mercury. 

The  minimum  mean  pressure,  during  inspiration,  in  the 
same  artery,  may  be  calculated  from  the  data  given,  at  63.61 
mm.  of  mercury.  The  mean  of  all  the  maxima  and  minima 
being  146.68  mm.  of  mercury.  The  maximum  pressure  found 
by  Poiseuille  is  a  remarkable  confirmation  of  the  accuracy  of 
the  experiments  made  by  Dr.  Hales. 

*  "Journal  de  Physiologic  par  Magcndic,"  torn,  viii.,  p.  272. 
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Poiseuille  (p.  301)  gives  the  following  as  the  mean  of  all 
the  pressures  found  in  the  horse  and  dog : — 

1 


Kal. 


3t 

5» 
6, 

7i 
9> 


Hone. 


146.68  mm. 
147.00    „ 

»57.»5     » 

154*33    >f 
182.05 


» 


Mean, 


157*46  mm. 


Dog. 


148.88  mm. 

»47 . 3^ 

141-45 

157.39 

145-75 

166.60 

179.04 
141.40 
171.14 


» 

>» 

»» 
f» 


156*44  mm. 


Spengler*  repeated  the  experiments  of  Poiseuille,  and  ob- 
tained, among  others,  the  following  results  from  the  arteries 
of  the  horse.  The  mean  maximum  pressures  during  expira- 
tion were. 


I .  First  horse,      .     . 

.     229.31 

mm. 

of  mercury 

2'  Second  horse. 

.     200.67 

3.  Third  horse,    .     . 

•     «7i-34 

4.  Fourth  horse, .     . 

170.00 

5.  Fifth  horse,     .     . 

.     22000 

6.  Sixth  horse,     .     . 

.     230.00 

Mean  maximum, 


203*65  mm.  of  mercury. 


This  result  agrees  well  with  those  of  Hales  and  Poiseuille. 


*  **  Archly  fur  Anatomie,"  &c.,  yon  MiiUer  (1844),  p.  49. 
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The  mean   of  all  the  pressures,   including  maxima  and 
minima,  were  found  by  Spengler  (pp.  58,  9),  to  be, 


Na 


3> 
4> 


Mean, 


Uune. 


Dog. 


■ 


Goat. 


170  mm. 

•8j 

mm. 

ns 

tt 

'35 

«f 

160 

ff 

'50 

n 

i6i 

It 

■65 

tt 

140  mm. 


167*5  mm. 


I 


1S8*75  mm. 


140  mm. 


The  rate  at  which  the  blood  circulates  through  the  body 
may  be  estimated  from  the  size  of  the  left  ventricle,  as  com- 
pared  with  the  total  quantity  of  blood  in  the  body.  The  total 
quantity  of  blood  in  the  body  has  been  found  by  weighing, 
before  and  after  death,  criminals  executed  by  decapitation. 
From  such  observations  made  by  Lehmann,  Weber,  and 
fiischoif,  the  total  quantity  was  found  to  range  from  9  lbs.  to 
10  lbs.  If  we  assume  the  latter  quantity,  and  take  the  capa- 
city of  the  left  ventricle  at  3  ounces,  it  is  plain  that  a  quantity 
of  blood  equal  to  that  contained  in  all  the  vessels,  will  have 
passed  through  the  heart  at  the  end  of  53  strokes,  which,  if 
the  pulse  be  assumed  at  75  to  the  minute,  will  correspond  to 
42  seconds.  This  represents  the  time  occupied  by  the  entire 
circulation  of  the  blood.  The  time  occupied  by  absorption, 
circulation,  and  secretion,  combined,  may  be  set  down  at  less 
than  4  minutes,  as  appears  from  the  following  interesting 
experiment,  devised  by  Professor  Macnamara,  of  the  Royal 
College  of  Surgeons  in  Ireland,  at  which  I  had  an  opportunity 
of  assisting.  An  old  soldier,  a  patient  of  the  Meath  Hospital, 
suffering  from  hydrocele,  was  trained  by  us  to  urinate  at  the 
word  of  command,  at  intervals  of  one  mhiute,  into  a  succes- 
sion of  test  tubes.     When  his  training  had  been  completed  by 
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m  few  days*  instruction,  the  sac  of  the  hydrocele  was  emptied 
and  injected  with  two  drachms  of  tincture  of  iodine.  The  pa- 
dent  then  urinated  at  intervals  of  one  minute  into  the  test 
tubes  previously  prepared,  commencing  at  one  minute  after 
the  injection.  The  fourth  test  tube  responded  faintly  to  the 
starch  test  for  iodine;  and  the  fifth  and  subsequent  tubes 
showed  its  presence  very  distinctly.  From  this  experiment 
it  is  evident  that  the  entire  process,  viz.,,  absorption  by  the 
tunica  vaginalis  ;  transmission  by  the  lymphatics  and  capillary 
veins  to  the  heart;  retransmission  by  the  renal  arteries  to  the 
kidneys ;  secretion  of  urine,  and  its  transmission  to  the  bladder 
by  the  ureters — occupied  less  than  four  minutes  ;  or  about 
five  times  the  entire  time  required  for  the  circulation  of  the 
blood. 

8.  On  tbm  Mnaoalar  Foroes  amidoyed  la  Pariiiritlim. — 
In  the  first  stage  of  natural  labour,  the  involuntary  muscles  of 
the  uterus  contract  upon  the  fluid  contents  of  this  organ,  and 
possess  sufficient  force  to  dilate  the  mouth  of  the  womb,  and 
generally  to  rupture  the  membranes.  I  shall  endeavour  to 
show,  irom  the  principles  of  muscular  action  already  laid  down, 
that  the  uterine  muscles  are  sufficient,  and  not  much  more 
than  sufficient  to  complete  the  first  stage  of  labour,  and  that 
they  do  not  possess  an  amount  of  force  adequate  to  rupture, 
in  any  case,  the  uterine  wall  itself.  In  the  second  stage  of 
labour,  the  irritation  of  the  foetal  head  upon  the  wall  of  the 
vagina  provokes  the  reflex  action  of  the  voluntary  abdominal 
muscles,  which  aid  powerfully  the  uterine  muscles  to  complete 
the  second  stage,  by  expelling  the  foetus.  The  amount  of 
available  additional  force  given  out  by  the  abdominal  muscles 
admits  of  calculation,  and  will  be  found  much  greater  than  the 
force  produced  by  the  involuntary  contractions  of  the  womb 
itself. 

The  mechanical  problem  to  be  solved  for  both  cases  is  one 


P=2 
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of  much  interest  and  some  difBculty,  as  it  is  the  celebrated 
problem  of  the  equilibrium  of  a  flexible  membrane  subjected 
to  the  action  of  given  forces.  It  has  been  solved  by  La- 
grange (Mecanique  Analytique,  p.  147),  in  all  its  generality. 
In  the  most  general  case  of  the  problem,  the  following  beau- 
tiful theorem  can  be  demonstrated : — Let  T  denote  the  tensile 
strain  acting  in  the  tangential  plane  of  the  membrane,  applied 
to  rupture  a  band  of  the  membrane  one  inch  broad ;  let  P 
denote  the  pressure  resulting  from  all  the  forces  in  action,  per- 
pendicular to  the  surface  of  the  membrane,  and  acting  on  a 
surface  of  one  square  inch ;  and  let  pi  and  pt  denote  the  two 
radii  of  principal  curvature  of  the  membrane,  at  the  point 
considered.     Then  we  have  the  following  equation  : — 

\  Pi         Pi  J 

If  the  surface,  or  a  portion  of  it,  become  spherical,  the  two 
principal  curvatures  become  equal,  and  equation  (19)  be- 
comes 

P  =  —  (2C) 

9 

In  the  case  of  the  uterus  and  its  membranes,  the  force  P  arises 
from  hydrostatical  pressure  only,  and  is  therefore  easily  mea- 
sured, and  the  supposition  of  spherical  curvature  is  approxi- 
mately admissible. 

The  natural  position  of  the  gravid  uterus  is  shown  in 
Fig.  21,  in  which  OP  is  the  axis  of  the  uterus,  and  AB  a  ver- 
tical line  drawn  through  Gy  the  centre  of  gravity  of  the  foetus ; 
this  vertical  line  must  pass  through  F,  the  centre  of  floatation 
of  the  fuetus,  or  centre  of  gravity  of  the  liquor  amnii  displaced 
by  the  foetus. 

In  the  first  stage  of  labour,  the  contraction  of  the  muscu- 
lar walls  of  the  uterus  compresses  its  liquid  contents,  and  the 
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membranes  are  pushed  through  the  mouth  of  the  womb — 
bulging  out  into  the  segment  of  a  sphere,  and  are  in  most 


PX 


Fig.  21. 

cases  ruptured  by  the  pressure  of  the  liquor  amnii  contained 
in  tliem. 

It  is  evident  from  the  form  of  the  gravid  uterus,  shown  in 
Fig.  21,  that  its  curvature  is  greatest  near  its  mouth,  and  equa- 
tion (20)  shows  that  for  a  given  hydrostatical  pressure,  the 
tensile  strain  is  proportional  to  the  radius  of  curvature ;  hence 
this  strain  will  be  greatest  at  the  fundus  of  the  uterus.  If  we 
assume  the  shape  of  the  uterus  to  be  that  of  a  prolate  ellip- 
soid, whose  longer  diameter  is  12  inches,  and  shorter  diame- 
ter 8  inches ;  its  mean  curvature  will  be  that  of  a  sphere  whose 
diameter  is  9.158  inches. 

The  volume  of  the  gravid  uterus  is  found  from  the  expres- 
sion— 


Volume  =  -  TT  ab^ ; 
3 


(21) 


in  which  a  and  b  are  the  semiaxcs,  and  tt  is  the  ratio  of  the 
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circumference  of  a  circle  to  its  diameter ;  Bubstituting  for  a 
and  b  their  numerical  values,  we  find  the  contents  of  the 
uterus  to  be  402.13  cubic  inches. 

The  surface  of  the  gravid  uterus  may  be  found  from  the 
equation — 

Surface  « {sin'^e  +  v^f^i*) ;  (22) 

in  which  e  is  the  eccentricity  of  the  generating  ellipse.  If 
the  numerical  values  be  substituted  in  this  expression,  it  will 
be  found  that  the  surface  of  the  uterus  is  270.66  square 
inches.* 

Some  highly  interesting  conclusions  may  be  drawn  from 
the  preceding  calculations,  combined  with  the  weight  of  the 
total  muscular  tissue  of  the  uterus.  Heschl  estimates  the 
weight  of  the  uterine  muscles  at  from  i  lb.  to  1.5  lb.  Mont- 
gomery found  the  muscles  of  the  gravid  uterus  to  weigh  1.5  lb. ; 
and  Levret  estimates  them  at  5 1  cubic  inches,  which,  with  a 
specific  gravity  of  1.052  (vide  p.  84),  I  find  to  be  equivalent 
to  1.93  lb.    Taking  the  mean  of  these  estimates,  we  have — 

Weight  of  Muscular  Fibres  of  Gravid  Womb. 

Heschl, 1.25  lb. 

Montgomery,      .     .     .     1.50   „ 
Levret, i«93    »» 

Mean,     .     .      1.66  lb. 


If  we  now  suppose  this  quantity  of  muscle  to  be  spread  over 
the  entire  surface  of  the  uterus,  we  find, 

•  Levret  estimates  the  contents  of  the  grayid  uterus  at  438  cubic  inches, 
and  its  surface  at  339  square  inches. 

Poppel  estimates  the  contents  at  300  cubic  inches,  and  the  surface  at  ai^ 

square  inches. 


ANIMAL  MECHANICS.  155 

Mean  thinlmflea  of  muacular  wall  of  uterus, 

1.56  X  7000  X  1000  .    , 

a so.i5iomch. 

252.5  X  270.66  X  1052  ' 

If  we  suppose  a  ribbon,  one  inch  in  width,  to  be  fonned 
from  the  Wall  of  the  uterus,  its  thickness  will  be  0.15 19  inch; 
and  as  each  square  inch  of  cross  section  of  muscular  fibre 
(p.  69)  is  capable  of  lifting  102.55  ^^^'t  ^^  find  for  the  greatest 
tensile  force  producible  by  the  contraction  of  the  uterine 
muscles. 

Tendle  strain  of  uterizie  wall  per  mchs  102.55  x  0.15 19  b  15.577  Iba. 
Substituting  this  value  of  Ty  in  the  equation  (20) 

iT 
P=  — 

P 

and  for  p,  its  mean  value  9-158  in.,  we  obtain  the  maximum 
hydrostatical  pressure  inside  the  gravid  uterus,  that  can  be 
produced  by  the  conli'action  of  its  muscular  fibres. 

Mazimam  hydrostatical  pressure  produced  by  uterine  contraction 

_  a  X  15.577 

=  - —  =  3*402  Ids. 

9158  ^ 

One  hundred  experiments  were  made  by  Duncan  and 
Tait,  upon  the  hydrostatical  pressure  necessary  to  rupture  the 
membranes  which  contain  the  liquor  amnii,  which  are  re- 
corded in  Dr.  Duncan's  book*  (pp.  306-311).  The  greatest 
pressure  observed  was  3.10  lbs.,  and  the  least  was  0.26  lb. ; 
and  I  find  that  the  mean  rupturing  pressure  of  all  their  ex- 
periments was  1*2048  lb. 

Combining  this  experimental  result  with  the  calculation 
already  given,  of  the  amount  of  pressure  producible  by  the 
muscular  tissue  of  the  womb,  we  may  conclude  that  the  uterine 
muscles  are  capable   of  rupturing  the  membranes  in  every 

*  ** Reetarc-bes  in  Obstetrics."    Edinburgh:  1868. 
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case,  and  possess,  in  general,  nearly  three  times  the  amoant  of 
force  requisite  for  this  purpose. 

The  weight  of  muscle  in  the  virgin  uterus  is  about  one 
and  a  half  ounces,  and  this  muscle  is  increased  to  one  and  a 
half  pounds  during  pregnancy ;  that  is,  it  is  increased  about 
sixteen  fold.  If  ever  there  was  a  muscular  system  produced 
to  effect  a  specific  object,  the  uterine  muscle  may  be  regarded 
as  such  ;  and  if  the  principle  of  least  action  in  nature  be  valid, 
we  should  expect  such  a  muscle  to  be  developed  only  to  the 
extent  required,  and  not  beyond  it.  Considered  from  this 
point  of  view,  the  preceding  calculation  must  be  regarded  as 
interesting ;  for  it  shows  that  the  uterine  muscle  possesses  a 
force  of  3.4  lbs.,  intended  to  overcome  a  maximum  resistance 
of  3.1  lbs.  It  would  be  a  waste  of  power  to  endow  the  uterus 
with  more  force  than  I  have  shown  it  to  possess,  for  it  is  not 
necessary  that  the  uterus  should  complete  the  second  stage  of 
labour,  as  the  abdominal  muscles  are  available  for  this  pur- 
pose ;  so  that  by  using  them,  and  not  giving  the  uterus  more 
force  than  is  absolutely  necessary  for  the  first  stage  of  labour, 
an  admirable  economy  of  muscular  power  is  effected. 

Viewed  in  connexion  with  the  doctrine  of  Final  Causes,  the 
uterine  muscle  presents  a  subject  well  worthy  of  contemplation. 
It  is  plainly  necessary  that  the  first  stage  in  the  expulsion  of 
the  foetus  should  not  be  entrusted  to  a  voluntary  muscle,  and 
hence  an  involuntary  muscle  is  gradually  provided,  which 
takes  the  initiative,  and  commences  the  process  of  parturition, 
the  completion  of  which  is  then  accomplished  by  the  aid  of 
voluntary  muscles,  to  the  employment  of  which,  at  this  stage, 
no  moral  objection  can  be  raised.  It  is  also  necessary  (if  the 
Contriver  be  all-wise,  or  if  the  principle  of  Least  Action  in 
nature  be  true),  that  the  involuntary  muscle,  so  produced, 
should  not  possess  more  or  less  force  than  is  requisite  for  its 
purpose.     The  uterine  muscle  does  not  grow,  to  meet  a  grow- 


ANIMAL  MECHANICS.  157 

ing  resistance  (as  happens  frequently  in  other  cases),  ana  its 
precise  degree  of  strength  cannot  be  produced  by  a  tentative 
process ;  for,  in  healthy  gestation,  the  uterine  muscle  never 
tries  its  force  against  the  membranes  it  is  called  upon  to  rup- 
ture, until  the  actual  period  of  parturition  has  arrived.  We 
witness,  therefore,  the  instructive  spectacle  of  a  growing  force 
intended  to  overcome,  at  a  definite  future  period,  a  definite 
resistance,  against  which  it  never  measures  its  strength  until 
the  actual  moment  of  conflict  has  arrived. 

The  mind  must  be  singularly  constituted,  which  fails  to 
see  in  such  an  arrangement  the  clear  evidence  of  a  Divine 
Contriver,  adapting  means  to  an  end,  foreseen  by  Himself 

The  extreme  force  of  uterine  contraction  produces  a  pres- 
sure of  3.402  lbs.  per  square  inch,  which  is  equivalent  to  a 
pressure  of  54.106  lbs.  acting  upon  a  circle  of  four  and  a 
half  inches  in  diameter,  which  is  assumed  as  the  average  area 
of  the  pelvic  canal. 

The  maximum  force  used  to  expel  the  foetus,  by  both  ute- 
rine and  abdominal  muscles  combined,  is  estimated  by  Joulin,* 
from  forceps  experiments  made  on  the  dead  body,  at 
1 10.23  '^^*>  ^  result  which  is  regarded  by  Dr.  Duncanf  as  too 
large.  Dr.  Duncan  himself  considers  80  lbs.  as  the  maximum 
force  ever  employed  in  difficult  cases.  This  would  correspond 
with  an  hydrostatical  pressure  inside  the  uterus  of  5.03  lbs. 
per  square  inch,  which  is  greater  than  the  uterine  muscles, 
unaided,  are  capable  of  producing. 

Dr.  Duncan*s  experiments  on  the  strength  of  the  uterine 
wall  itself  show  that  an  hydrostatical  pressure  of  from  17  to  25 
lbs  per  square  inch  is  necessary  to  its  rupture ;  a  result  which 
conclusively  demonstrates,  when  taken  in  conjunction  with 

♦  "  Traits  complet  dea  Accouchcmcnts,"  p.  447. 
t  "  Researches  in  Obstetrica,"  p.  323. 
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the  preceding  calculations,  that  the  uterus  can  never  destroy 
itself  by  its  own  contraction.  It  would,  indeed  be,  h  priori, 
ridiculous  to  suppose  that  Nature  would  produce  an  inTolan- 
tary  muscle  capable  of  destroying  itself,  and  so  causing  the 
death  of  its  owner,  by  its  own  blind  force. 

In  concluding  my  remarks  on  the  uterine  muscles,  I  may 
observe  that  the  arrangement  of  these  muscles  on  various 
parts  of  the  organ  affords  a  confirmation  of  the  accuracy  of 
Lagrange's  principle  as  applied  to  them.  It  is  well  known 
that  these  muscles  attidn  their  greatest  thickness  at  the  fundus 
of  the  womb,  where  they  are  fully  double  the  thickness  of  the 
muscular  layer  at  the  neck  of  the  womb.  Now,  so  long  as 
the  contents  of  the  womb  are  fluid,  or  semi-fluid,  a  constant 
pressure  is  exerted  perpendicularly  to  all  portions  of  its  walls, 
requiring  by  Lagrange's  theorem  (20),  a  tensile  muscular 
force  varying  as  the  diameter  of  curvature  at  each  point. 
From  observations  on  the  curvature  of  the  gravid  uterus,  it 
may  be  inferred  that  the  diameters  of  curvature  at  the  fundus 
and  neck  of  the  womb  are  nearly  in  the  proportion  of  29 
to  17.  When  the  womb  is  emptied  of  its  contents,  and  the 
uniform  hydrostatical  pressure  inside  is  removed,  the  uterine 
walls  contract  with  degrees  of  force  proportional  to  the  dia- 
meters of  curvature  they  possessed  in  their  former  condition ; 
the  fundus  contracting  with  twice  the  force  of  the  parts  near 
the  neck — an  action  eminently  calculated  to  promote  the  safe 
and  speedy  reduction  of  the  organ  to  its  diminished  bulk, 
without  risk  of  inversion. 

It  is  worth  while  to  consider,  for  a  moment,  the  explana- 
tion offered  by  the  Lamarckian  Theory  of  Natural  Selection, 
of  the  relation  between  the  strength  of  the  uterine  muscles 
and  the  resistance  of  the  membranes  they  are  required  to 
rupture.  According  to  this  theory,  an  animal  that  possessed 
such  a  proportion  as  I  have  shown  to  exist  between  the  force 
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and  resistance  to  be  overcome,  must  be  the  descendant  from 
ancestors  who  attained  this  proportion  accidentally,  and  trans- 
mitted it  to  their  posterity,  who  thus  acquired  an  advantage 
over  their  neighbours  in  the  competition  for  life.  Thousands 
and  tens  of  thousands  of  those  who  have  preceded  us  must 
have  perished  in  the  race,  from  not  having  had  the  precise 
balance  between  uterine  force  and  resistance,  which  we  hap- 
pily possess ;  and  we  may  regard  ourselves  as  the  survivors  of 
a  contest  in  which  the  slain  greatly  outnumber  the  victors. 
According  to  this  School  of  Philosophy,  an  economy  of  two 
per  cent,  of  wax  will  make  a  bee ;  and  a  saving  of  a  quarter 
ounce  of  uterine  tissue  may,  possibly,  constitute  the  sole  dif- 
ference between  a  Celtic  and  a  Teutonic  woman. 

Happy  is  the  man  whose  mother  possessed  the  hereditary 
tendency  to  form  no  more  uterine  muscle  than  was  absolutely 
necessary  to  push  him  into  the  world  !  Happy  is  the  bee  who 
can  form  her  cell  with  a  saving  of  two  grains  of  wax  in  the 
hundred,  for  she  will  distance  in  the  race  of  life  her  compe- 
titors who  have  not  inherited  this  precious  art ! 

In  the  second  stage  of  labour,  the  voluntary  action  of  the 
abdominal  muscles  is  called  into  play,  to  aid  the  expulsive 
efforts  of  the  uterine  muscles.  I  have  attempted  to  calculate 
the  force  available  &om  the  contraction  of  these  muscles  as 
follows : — 

The  abdominal  muscles  are  four  in  number,  viz.  rectus 
{jAdaminUj  obliqnua  extenitis,  obUqutia  intemus,  and  transver- 
9aUs.  The  last  three  muscles  form  curved  sheets,  acting 
upon  the  corresponding  muscles  of  the  opposite  side  by  means 
of  tendinous  aponeuroses  which  meet  in  the  linea  alba,  and 
form  the  sheath  of  the  vertical  rectus  abdominis  muscle.  From 
the  arrangement  of  all  four,  it  is  plain  that  the  tensile  force  of 
muscular  contraction  in  the  curved  wall  of  the  belly  from  the 
xiphoid  cartilage  to  the  symphysis  pubis,  is  to  be  measured 
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by  the  sum  of  the  united  forces  of  all  the  muscular  slieets.  If 
we  knew  the  force  of  each  muscle,  and  the  principal  curva- 
tures of  the  belly  in  the  middle  line,  we  could  calculate,  by 
Lagrange's  theorem,  the  hydrostatical  pressure  inside  the  ab- 
dominal cavity,  and  available  to  expel  faeces,  urine,  or  a 
foetus. 

In  order  to  ascertain  the  force  of  the  muscles,  I  measured 
carefully  their  average  thicknesses  in  three  subjects,  of  whom 
one  was  a  young  woman  who  had  borne  children,  and  the 
others  were  men  of  ordinary  size  and  appearance.  The  re- 
sults obtained  were  the  following : — 

Table  XXVI. — Thickness  of  Abdominal  Muscles. 


No.  l.-Mal«. 

Na  SL— PenuOa. 

Kaa.-M>de. 

Reetua  abdomim't,    .     . 
ObUquM  eztertiut,   .     . 
Obliquus  internuMy   .     . 
lyatiwemaitM,     .     .     . 

o.  275  in. 

0.2C0  „ 

0.23s  ,1 
o.«a7  II 

0  29  in. 
0.25  „ 
0. 17  II 
0.15  .1 

0. 34  in. 
0.19  „ 
0.24  „ 

0. 14  If 

Totals,     .     . 

0.837  in. 

0.86  in. 

0.91  in. 

The  average  total  thickness  of  the  muscular  walls  is  0.869 
inch,  which  is  nearly  identical  with  the  measurements  ob- 
tained from  the  female  subject.  It  has  been  already  explained 
(p.  46),  that  we  must  add  50  per  cent,  to  the  weight  of  mus- 
cles in  the  dead  subject,  in  order  to  bring  them  to  the  living 
weights.  This  correction  gives  us  1-3053  inches,  for  the  mean 
thickness  of  the  muscles  causing  tension  in  the  central  line  of 
the  belly,  where  the  forces  of  all  the  muscles  come  into  play 
together.  Multiplying  this  thickness  by  102.55  lbs.,  ^'  coeffi- 
cient of  muscular  contraction,  wc  find, 

r=  1.3035  X  102.55  =  133.67  lbs. 

This  is  the  tensile  strain  producible  by  the  contraction  of  the 
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IGl 


abdominal  muscles   along  the  carved  central  line  of  the 
belly. 

There  remain  now  to  be  ascertained  the  principal  curva- 
tures of  the  abdominal  surface,  and  to  use  the  equation,  (19) 


P-T 


so  as  to  determine  P,  the  hydrostatical  pressure  per  square 
inch  inside  the  cavity  of  the  belly,  and  available,  either  in 
whole  or  in  part,  for  the  expulsion  of  the  fcBtus  during  the 
second  stage  of  labour. 

In  order  to  ascertain  the  curvature  of  the  belly,  I  made 
experiments  upon  three  young  men,  placed  lying  upon  their 
backs  upon  the  floor,  and  made  them  depress  and  raise  the 
abdominal  wall  as  much  as  possible.  The  result  was  as  fol- 
lows : — ^Taking  a  straight  line  from  the  upper  part  of  the  sym- 
physis pubis  to  the  xiphoid  cartilage  as  the  fixed  line  of  com- 
parison, it  was  found  possible  to  depress  the  navel  one  inch 
below  this  fixed  line,  and  to  raise  it  two  inches  above  it. 
When  the  belly  was  distended  to  the  utmost,  by  the  action  of 
the  abdominal  muscles,  I  measured  the  longitudinal  and  trans- 
verse curvatures,  by  measuring  the  sagittas  corresponding  to 
a  given  length  of  tangent,  with  the  following  results : — 


No. 

Diameter  of  Longitudinal 
Conratnre. 

Diameter  of  Transverse 
Curvature. 

12.30  inches. 
12.80       „ 
12.80       „ 

J.  G.  H.,      .    . 
HO.,      .    .    . 
8.H.,      .    .    . 

22.93  inches. 

Mean,    .    . 

22-727  inches.             12-633  inclics. 

1 

M 
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The  curvature  of  the  distended  belly,  at  the  navel,  is  found 
to  be,  from  the  foregoing  measurements, 

I       I  I  I  I 

pi     pt      iij^SS      6.3166     4^0596' 

Multiplying  this  curvature  into  the  tension  of  the  abdomi- 
nal muscles  at  the  navel,  already  found,  viz.  133.67  lbs.  per 
inch,  we  obtain,  finally, 

P  =  Z  "  32.926  lbs.  per  sq.  inch. 

This  amoimt  of  expulsive  force,  per  square  inch,  is  avail- 
able, although  not  usually  employed  to  assist  the  uterus  in 
completing  the  second  stage  of  labour.  If  we  suppose  it  ap- 
plied to  a  surface  of  a  circle  4^  inches  in  diameter,  the  usual 
width  of  the  pelvic  canal,  we  find  that  it  is  equivalent  to 
523.65  lbs.  pressure. 

Adding  together  the  combined  forces  of  the  voluntary  and 
involuntary  muscles,  we  Gnd, 

Involuntary  muscles  »    54.106  lbs. 
Voluntary  muscles,   «  523.65     „ 

Total,     ,     .     .    577-75  lbs.  av. 

Thus,  we  see  that,  on  an  emergency,  somewhat  more  than 
a  quarter  of  a  ton  pressure  can  be  brought  to  bear  upon  a  re- 
fractory child  that  refuses  to  come  into  the  world  in  the  usual 
manner.* 

In  order  to  determine,  by  actual  experiment,  the  expulsive 

*  The  preceding  result  will,  no  doubt,  remind  the  curious  and  well-informed 
reader,  of  the  statement  made  hj  Mr.  Shandy,  on  the  authority  of  Lithop4Bdut 
Semmensit  de  partu  difieili^  that  the  force  of  the  woman's  efforts,  in  strong  labour 
pains,  is  equal,  upon  an  average,  to  the  weight  of  470  lbs.  avoirdupois,  acting 
Deroendicularly  upon  the  vertex  of  the  head  of  the  child. 
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force  of  the  abdominal  muscles,  I  placed  two  men,  of  48  and 
2 1  years  of  age,  respectively,  lying  on  a  table  upon  their  backs, 
and  put  a  disk  measuring  1.87  in.  diameter  just  over  the 
navel ;  weights  were  placed  upon  this  disk,  and  gradually  in- 
creased until  the  extreme  limit  of  weight  that  could  be  lifted 
with  safety  was  reached  ;  this  limit  was  found  to  be,  in  both 
cases,  113  lbs.  As  the  circle  whose  diameter  is  1.87  in.  has 
an  area  of  2.937  s^l^^i'^  inches,  the  pressure  perpendicular  to 
the  abdominal  wall  produced  by  the  action  of  the  abdominal 

muscles  is, 

•  1 1 2 

P« ^  =  28.47  lbs.  per  sq.  inch. 

2-937      ^    ^'         ^      ^ 

The  force  is  somewhat  greater  than  that  calculated  from  this 
curvature  of  the  belly,  and  the  coefficient  of  muscular  con* 
traction,  already  determined ;  viz.  32.93  lbs.  per  square  inch. 
It  should  be  remembered,  however,  that  in  my  experiments 
on  the  abdominal  muscles,  I  pushed  the  trial  of  strength  al- 
most to  the  verge  of  producing  slight  peritonitis^  as  both  the 
subjects  of  my  experiment  complained  of  sharp  shooting 
pains  in  the  abdominal  walls  for  24  hours  afler  the  experi- 
ments were  made. 

The  foregoing  theory  of  the  muscular  forces  employed  in 
parturition  leads  us  naturally  to  be  cautious  in  the  use  of 
chloroform,  and  other  anaesthetics,  which  produce  their  effects, 
first  upon  the  voluntary,  and  aderwards  upon  the  involuntary 
muscles.  When  chloroform  is  used,  in  parturition,  beyond 
the  stage  at  which  it  produces  simple  drunkenness,  and  indif- 
ference to  pain,  it  is  positively  injurious ;  for  it  destroys  the 
action  of  the  voluntary  abdominal  muscles,  which  constitute 
the  chief  part  of  the  force  employed  in  difficult  labours. 
Hence,  the  muscular  tissue  of  the  uterus  is  left  to  overcome 
an  obstacle  beyond  its  strength,  and  without  the  aid  that  na- 
ture intended  to  be  given  by  the  abdominal  muscles.     The 

m2 
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result  is,  that  labour  ceases  until  consciousness  returns,  and 
enables  the  ill-treated  woman  to  avfdl  herself  of  the  apparatus 
of  voluntary  abdominal  muscles  provided  by  nature  for  her 
use. 

In  these  remarks  I  confine  myself  altogether  to  the  phy- 
sical aspects  of  the  use  of  chloroform  in  labour,  and  forbear 
to  express  an  opinion  as  to  the  moral  effects  likely  to  be  pro- 
duced by  the  exhibition  of  an  intoxicating  agent,  administered 
merely  for  the  luxurious  purpose  of  deadening  the  pain  of 
the  exercise  of  a  purely  natural  physiological  function. 

9    On   tf»^   <7I  >itrilli>ifctiiwi    o£  BKuaoilaa   aail    thialr  HodA    oC 

Aotton. — It  has  been  already  shown  that  muscles  consist  of 
linear  fibres,  which  may  be  variously  arranged ;  and  as  lines 
form  surfaces,  and  combinations  of  surfaces  form  solids,  it  is 
evident  that  a  natural  classification  of  muscles  must  be  essen- 
tially geometrical,  and  that  the  mechanical  action  of  muscles 
must  depend  upon  their  geometrical  configuration. 

The  following  classification  of  muscles  is  proposed  as  a 
simple  and  natural  arrangement : — 

I.  Muscular  Fibres  lying  in  the  same  Plane. 
I .  Fibres  parallel  and  rectilinear, 

(a)  Direct  Prismatic. 

(b)  Khomboidal. 

(c)  Penniform. 

7.  Fibres  intersecting  and  rectilinear, 

(a)  Triangular, 

(b)  Deltoidal. 

{r)  Quadrilateral. 

3.  Fibres  curvilinear  and  parallel, 
(a)  Sphincters. 
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11.  Muscular  Fibbbs  foeuiing  Cubved  Surfaces. 

1.  FShrea  rectilinear. 
(a)  Stew  Surfaces. 

2.  Fibres  cuTvilinear. 
(d)  Ellipsoidal  Surfaces. 

FUtrea  in  game  plane,  parallel  to  each  other,  and  rentiUnear. 
— ^This  natural  group  of  muacles  has  been  described  by  Bo- 
relli,*  who  has  aamed  their  several  species,  Direct  Prjamatic, 
Ehomboidai,  and  Pennt/orm, 

Direct  Pritmalie  Miucles. — If  we  suppose  two  bars,  AA 
and  BBf  joined  by  a  number  of  parallel  elastic  strings,  to  be 
drawn  asunder,  as  re- 
presented in  Hg.  23, 
the  elasticity  of  the  r 
strings  will  draw  back  A  t 

the  bars  into  their  origi- 
nal posiUon,  by  the  same 
kind  of  action  as  the  con- 
tractile fibres  of  a  Direct 
Priamatie  muscle.  If  / 
denote  the  contraculc 
force  of  each  fibre,  and 
n  their  number,  the  re- 
sultant force  of  the  mus- 
cle will  be 

F-nf,       (J3) 
and  will  act  parallel  to 
the   fibres,    in   the    di-  Q 
rcction  ab-     If  the  pa-   ^ 
rallel    sheets    of    mna-  "^'  "' 

cular  fibres  be  united,  so  as  to  form  a  solid  muscle,  the  r 
*  Di:  Motu  Animaliuni,  toL  i.,  p.  S. 


m^ 
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Bultant  will  pass  thioagti  the  centres  of  gravity  of  the  areas 

marked  on  the  bones  by  the  origin  and  insertion  of  the  fihrcs. 

Good  examples  of  the  Direct  Pritmatic  muscle  may  be  found 

in  the  nartoriua  and  omo-atlantic  muacles  of  various  animaU. 


Fig.  13. 
Rhomboidal  Muscles. — If  the  two  bars,  AA  and  BS,  be 
held,  as  in  Fig.  33,  so  that  the  Kbrea  joining  them  are  oblique 
to  the  bars,  we  have  the  Rhomboidal  muscle  of  Borelli.     In 
this  case  the  resultant  force  is  also 
F.«/: 
but  as  it  acts  in  the  right  line  at,  which  is  oblique  to  the  ban 
AA  and  BB,  it  may  be  resolved  into  two  forces  at  each  bar, 
viz.,  bll,  hV,  and  aW,  aV;  of  these  forces,  6^  and  aH' &cl 
parallel  to  the  bars,  and  tend  to  bring  them  into  the  posidon 
of  the  priamatic  muscle;  the  other  forces  bl'  and  aV  tend  to 


(24) 
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draw  the  ban  together.     If  0  denote  Uie  angle  <^ff,  the  ho- 
rizontal and  vertical  forces  exerted  by  the  muscle  will  be 

The  mtertottai  and  rhomboid  mueclea  aSbrd  good   exam- 
ples of  the  Bhcmboidal  type  of  muflcle. 

Pmmform 
MMcUt.—Tiie 
atnictureofpen- 
niform  muscles 
is  illustrated  bj  ^ 
Fig.  24t  in  which 
two  bars,  AA, 
BB,  parallel  to 
each  other,  aie 
connected  by 
two  sets  of  par- 
allel fibres,  with 
a  third  bar,  CC, 
parallel  to  the 
other  bars.  It 
is  a  combination 
of  two  rhom- 
boidal  muscles, 
which  give  a 
vertical  result- 
ant in  the  di- 
rection CV. 

If  f  denote, 
as  before,  the 
resultant  force 
of  each  rhom- 
boidal    mnsde, 
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and  0  denote  the  angle  abVj  made  by  its  fibres  with  the  par- 
allel bars,  the  resultant  force  of  the  penniform  muscle  will  be 


22  B  aFcos  ^. 


(as) 


Many  muscles,  when  dissected,  are  found  to  contain  parallel 
sheets  of  fascia,  resembling  the  bars  AAf  BB^  and  the  mus- 
cular fibres  take  origin  from  these  sheets  of  fascia,  forming 
true  penniform  muscles,  which,  taken  together,  make  up  the 
entire  complex  muscle.  Thus,  the  deltoid  muscle  is  consir 
dered  by  Albinus  to  be  composed  of  seven  distinct  pennate 
muscles.  In  the  biceps  humeri  of  the  Ungulates  I  have  found, 
also,  a  penniform  arrangement  of  the  fibres  with  reference  to 
fascial  sheets  that  run  along  the  whole  course  of  the  muscle. 

Let  ^Zand  BX(Fig.  25) 
represent  two  fibres  of  a  pen- 
nate muscle,  and«  let  I  be  the 
length  of  each ;  during  their 
contraction,  they  are  each 
shortened  by  a  length  S/,  and 
the  point  X  is  moved  to  the 
point  a ;  draw  xp  perpendi- 
cular to  BX^  then  Xp  is  equal 
to  SI,  and  the  distance  through 
which  X  is  moved  is 


Xx  a  SI  sec  ^. 


Fig.  as- 


Multiplying  this  distance  by  the  resultant  force  (25),  in  the 
direction  XF,  we  have — 

Work  done  by  the  contraction  of  a  pennate  muscle 

And,  since  2FSI  is  the  work  inherent  in  the  muscular  fibres, 
if  arranged  in  a  prismatic  manner,  we  conclude  that  there  is 
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neither  gain  nor  loss  of  work  due  to  the  penniform  arrange- 
ment. 

In  the  Nylghau,  the  muscular  fibres  of  the  bic^s  humeri 
are  1.84  inches  in  length,  and  make  an  angle  of  50^  with  the 
central  line.  These  penniform  fibres  will  therefore  act  like 
the  prismatic  fibres  of  an  ordinary  bicq>8  muscle,  whose 
length  is 

I «  1.84  X  sec  50^  B  2.8$  inches. 

The  actual  length  of  the  bicq>8  in  the  Nylghau  is  6  inches, 
and  yet  the  total  amount  of  its  contraction  is  only  that  due  to 
a  muscle  of  a.8$  inches  in  length.  The  intention  of  this  ar- 
rangement of  penniform  fibres  is  to  produce  a  powerful  puU 
through  a  small  space.  In  the  brachicBus  muscle  of  the  same 
animal,  the  fibres  run  parallel  together  through  the  entire 
length  of  the  muscle,  which  is  prismatic,  and  wound  spirally 
round  the  humerus.  The  length  of  the  fibres  is  8  inches,  and 
firom  their  parallel,  and  not  penniform  arrangement,  this 
muscle  is  capable  of  a  contraction  nearly  three  times  greater 
than  that  of  the  penniform  biceps. 

In  the  Ass,  the  length  of  the  penniform  fibres  of  the 
bieepe  humeri  is  1.06  inches,  and  they  form  with  the  tendinous 
axis  an  angle  of  about  24^-  Hence  the  action  of  this  penni- 
form biceps  will  be  similar  to  that  of  a  prismatic  muscle 
whose  length  is 

/  =  1.06  X  sec  24°  =1.15  inches. 

The  actual  length  of  the  biceps  muscle  in  the  Ass  is  6.6  inches. 
The  fibres  of  the  brachtceus  muscle  in  the  Ass  are  parallel,  and 
run  along  its  entire  length,  which  is  9  inches.  Hence  the 
brachiceus  is  capable  of  a  contraction  nearly  eight  times 
greater  than  that  of  the  biceps  muscle. 

Let  it  be  required  to  find  a  prismatic  muscle,  whose  action 
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shall  be  exactly  the  same  as  that  of  a  given  pennifonn  muscle^ 
In  order  that  the  action  of  the  two  muscles  shall  be,  in  all 
respects,  the  same,  it  is  necessary  that  they  shall  contract 
through  the  same  space  and  wiA  the  same  force,  the  product 
of  the  space  and  force  being  the  work  done  by  the  muscle  in 
a  single  contraction.  If  I  denote  the  leng^  of  the  penniform 
Gbres  ab  (Fig.  24)9  and  ^  the  angle  abV;  then  the  contrac- 
tion due  to  the  penniform  muscle  will  be  equal  to  that  of  a 
prismatic  muscle  whose  length  is 

//  B  /  sec  ^.  (27) 

Let  aAa  bBb  (Fig.  26)  represent  a  penniform  muscle,  whose 
length  AB  is  A,  the  angle  ABC  being  0.  If  perpendiculars 
A  C  and  AD  be  drawn  from  A  to  the  fibres  Bb  and  Bb  pro- 
duced, it  is  plain  that  the  lines  AC  and  AD  will  represebt 
the  total  number  of  fibres  employed  in  the  muscle ;  hence,  if 
/  be  the  force  of  each  fibre,  the  total  force  employed  at  each 
side  will  be 

F=n/-/x  ^2)=/Asin^; 

but  R  s  2FCOS  ^. 

Hence  R  *>  2/ A  sin  ^  cos  ^  ^/A  sin  2^  (28) 

This  is  equivalent  to  the  force  of  a  prismatic  muscle,  whose 
cross  section  is  A  sin  2^,  or  equal  to  the  line  CD. 
For, 

X^AB. 

A  sin  ^  a  AB  sin  ^  =  AD. 

A  sin  0  cos  ^  =  AD  cos  ^  =  PE. 

2A  sin  ^  cos  ^  =  2DE  =  CD. 

the  actual  width  of  the  penniform  muscle  is 

\c  s  %l  sin  0. 
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Hence  ibe  width  of  the  equivalent  prismatic  muscle  may  be 
found  :  let  this  width  be  called  W,  uid  we  Lave 


It  is  interesting  to  observe  that  the  short  thick  prismatic 
muscles,  to  which  the  penniform  bicept  of  the  Nylghau  and  of 
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the  Ass  arc  equivalent,  are  totally  different  from  the  long  ihin 
brackiams  muscles,  associated  with  them  in  the  flexion  of  the 
forearm. 

If  we  assume  the  specific  gravity  of  muscle  to  be  lojo, 
the  weight  of  a  cubic  inch  of  muscle,  expressed  in  avoirdu- 
pois ounces,  will  be  — 

Cubic  inch  of  muscle  =  -^ ^—^ «  0.606  oz. 

7000 

In  the  Nylghau,  the  weight  of  the  biceps  muscle  is  3.440s., 
and  its  length  6  inches ;  hence,  its  cross  sectioui  w^  is 

3-44  ^        . 

w  «=  -r-^ — — —  a  0.046  SO.  in. 
6  X  0.606  ^ 

but 

JF  =  2.09  M7  -  1.977  sq.  in.  1        Equiviaent  PrisnuOic  hieept  of 
L  -  2.8c     in.        J  Nylghan. 


The  weight  of  the  brachiceus  is  3.43  oz.,  and  its  length  is  8 
inches  ;  hence  its  cross  section  is — 

3-43       _ 


w 


>.707sq.in.)     ^^ 
I  in.  ) 


8  X  0.606  I    '    ^         y      Z^/orAurM  of  Nylgliau. 

{-  8 

These  two  muscles  are  of  nearly  equal  weight,  and  therefore 
contain  nearly  equal  amounts  of  inherent  work,  and  we  can 
easily  verify  the  statement  already  made  (26),  that  they  give 
out  equal  quantities  of  work,  although  one  has  its  fibres  pris- 
matic and  the  other  pcnniform. 

Work  dono  by  hieept  (penniform) 

«=  1.977  X  a.85  =  5.63. 

Work  dono  by  brachiaut  (prismatic) 

=  0.707  X  8  =  5.65. 

In  the  Ass,  the  weight  of  the  Biceps  is  6.83  oz.,  and  its 
length  is  6,6  inches ;  hence  its  cross  section,  to,  is 

6.83 
w  =  — =^-- -  =1.71  sq.  m. 

6.6  X  0.000  ^ 
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Hence, 

JF^  5.688  W  »  9.726  Sq.  in.  ^    Equivalent  prismatic  bieepi 
Lm  1. 1 J      in.  j         OfAB*. 

The  weight  of  the  brachiiBUB  is  3.23  oz.,  and  its  length  is 
9  inches ;  hence  its  cross  section  is^ 

3.23       ^ 

9x0.606"     *jy- -1- •—      I       Sraehimui  ot  A3», 


>.592  sq.  in.     ) 
)  in.  J 


In  a  fine  Sambur  Stag  examined  by  me,  the  biceps  humeri 
muscle  was  found  to  be  pennate  in  the  arrangement  of  its 
fibres;  their  length  being  2.56  in.,  the  angle  made  by 
them  with  the  fascia  of  insertion  being  34^  The  weight  of 
the  muscle  was  5.91  oz.  In  this  case,  the  length  of  the 
bieepn  muscle  was  10  inches,  from  which  we  find  its  mean 
cross  section 

5.91 


w 


-^- 0.97s  sq.  in. 


10  X  O. 

From  this  we  find,  as  before,  the  prismatic  muscle  equivalent 
to  the  pennate  biceps — 

L  ^l  sec  ^  «  3.09  in. 


.fjj,  A  cos  ib 

W^w  — Y^"^  3.i6sq.  in. 


The  brachicBus  muscle  in  the  Sambur  is  4.95  oz.  in  weight 
and  9*5  inches  in  length,  and  it  is  a  prismatic  muscle ;  its 
cross  secUon  is, 

w  « "^^  ^  =  0.800  sq.  m. 

9.5  X  0.606  ^ 

It  is  interesting  to  contrast  together  the  two  muscles  which 
flex  the  forearm  in  the  three  animals  described,  in  order  to 
see,  at  a  glance,  the  very  different  uses  which  these  muscles 
are  intended  for. 
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Table  XXVlL^-UugulaU  Biceps  and  Brachtmu, 


Kylgha*!, 
Ass,  .  . 
Sambur, 


Bic 

1 

»r». 

BRACHi.voa. 

W. 

1    "* 

w. 

L 

Sq.  In. 
1.98 

In 
2.85 

Sq,  In. 
0.71 

In. 
8.0 

9-7* 

«.«5 

0-59 

9.0 

3.16 

3.09 

1 

0.86 

9-5 

Ratio  of  Force 
ur  Bice  '» 1 1 
BrncUIaMU. 


a.So 
16.47 

3.67 


Ratio  of  Omi- 

t.:Nrflr.n  oT  Bm- 

chi«iutoBice|«. 


a.8i 

7.83 
3.08 


This  Table  shows  clearly  the  very  different  actions  of  the 
biceps  and  brachials  muscles  in  the  Ungulates.  The  biceps 
muscle  contracts  with  a  force  much  greater  than  that  of  the 
brachueus,  while  the  space  through  which  it  acts  is  much 
less  than  that  of  the  brachuBus.  The  two  muscles  differ  but 
little  in  external  appearance,  but  by  means  of  the  penniform 
arrangement  of  the  6brcs  of  the  biceps^  a  rope-like  muscle  is 
enabled  to  do  the  duty  of  a  flat  short  muscle,  which  it  would 
be  impossible  to  place  directly  upon  the  bones  of  the  arm. 

The  rapid  lift  of  the  fore  foot,  which  is  so  characteristic  of 
the  swift  Ungulates,  and  by  none  more  beautifully  shown 
than  by  the  Deer  tribe,  is  mainly  due  to  the  powerful  action 
of  the  biceps  through  a  short  space;  while  the  slower  and 
lonrrer  flexions  of  the  forearm  are  due  to  the  distinctive  action 
of  the  brachicpus  muscle.  ^ 

In  a  Brahmin  Cow  examined  by  me,  the  arrangement  of" 
the  fibres  of  the  biceps  was  penniform,  though  I  omitted  to 
measure  their  length,  and  the  angle  made  by  them  with  the 
central  fascial  sheet  of  their  origin.  The  measurements  of 
the  biceps  and  brachiceus  muscles  in  this  animal  were  as  fol- 
lows. The  biceps  weighed  3. 88  oz.,  and  had  a  total  length  of 
6  inches  The  brachiceus  weighed  2.66  oz.,  and  its  fibres, 
which  were  arranged  as  in  a  prismatic   muscle,   measured 
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8. 1 5  inches  in  length.    These  measurements  correspond  with 
the  following  mean  cross  sections : — 


BicepSf     • 
BraehicguB^ 


•  •     .     .     1.067  sq.  in. 

•  •     •     •     0539      »» 

The  angular  velocity  with  which  the  forearm  turns  on  the 
elbow  joint  is  not  proportional  merely  to  the  force  of  the 
muscle,  but  to  the  product  of  that  force  into  the  distance  from 
the  point  of  insertion  to  the  axis  of  the  elbow  joint.  I  mea- 
sured these  distances  carefully,  for  the  purpose  of  obtaining 
a  comparison  between  the  angular  velocities  produced  by  the 
biceps  and  brachicBW  muscles  respectively.  The  following 
Table  contains  the  measurements  and  results;  and  I  have 
added  corresponding  measurements  taken  from  the  arm  of  a 
▼eiy  fine  Lioness. 

In  the  Lioness  the  biceps  muscle  weighed  6.70  oz.,  and  had 
a  length  of  8  inches ;  and  the  brachiceus  muscle  weighed 
2.6o  oz.,  and  had  a  length  of  8.75  inches. 

Table  XXVIIL — Angular  Velocity  of  Forearm  produced  by 

Biceps  and  Brachiceus  Muscles. 


BlCBFS. 

B&ACHUBITS. 

CroM  Section. 

IMfltanceof 
Insertion  fruni 
Axis  of  JoinL 

Crofls  Section. 

Distance  of 
Insertion  from 
Axis  of  Joint 

Nylghfto,,  . 

Sq.In. 
1.98 

In. 
1.02 

Sq.In. 
0.71 

In. 
2.26 

Aas,  .    .    . 

9.72 

1.24 

059 

a.oo 

1  Sambar, 

1 

3.16 

1.72 

0.S6 

2.44 

1 

i  Lioness, 

1.38 

2.29 

0.49 

2.16 

Ratio  of  An- 
gular Veloci- 
tl«i  produced 
by  Bicept  and 
Bracmaus, 


1.26 
10.21 

a-59 
3.00 


The  total  angular  movement  of  the  forearm  produced  by 
each  muscle  will  be  proportional  to  the  length  of  the  muscle 
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divided  by  the  distance  of  its  point  of  insertion  from  the  axis 
of  the  joint ;  the  ratios  of  the  angular  motions  caused  by  the 
two  muscles  is  shown  in  the  following  Table : — 

Table  XXIX. — Angidar  Motion  produced  by  the  Biceps  and 

BrachuBus  Muscles. 


Bicsn. 

BmACuiMin, 

Batloof  Anipi- 

lar  Movement 

prndneedbr 

Bleepeana 

BmStaos. 

Length. 

DManoeoT 
Inaertlao. 

Length. 

DIaUnoeor 
Inaertton. 

Nylghau,   . 

AaOf    •       •       • 
1 

Sambur,     . 
Lioness, 

In. 
a.85 

309 
8.00 

In. 
1.02 

1.24 

1.72 
2.29 

In. 
8.0 

9.0 

9-5 
8.75 

In. 
a.  26 

a.oo 

».44 
a..i6 

0.789 
o.ao6 
0.461 
0.86a 

Bringing  together  all  the  preceding  results,  we  obtain  the 
following  Table : — 

Table  XXX. — Comparison  of  the  Action  of  the  Biceps  and 

BrachitBtis  Muscles. 


Ratio  of  Forces. 

RaUo  of  VelociUea. 

Hatlo  of  Angolar 
Motions. 

Nylghau,   .    .    . 
Ass,       .... 
Sambur,     .    .    . 
Lioness,      .    .    . 
Man,*   .... 

2.80 
16.47 

3.67 
2.82 
1.50 

1.26 
10.21 

a-59 

3.00 

1.82 

0.789 
0.206 
0.461 
0.862 

1.159 

The  Ass  greatly  exceeds  the  other  animals  in  the  relative 

*  The  data  from  which  the  comparison  of  the  Biaps  and  Braehiam  muscles 
in  Man  is  made  ore  given  in  pp.  63,  64. 
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force  of  the  Incqu,  and  the  velocity  of  motion  produced  by  it, 
as  compared  with  the  braclaaua  ;  and  the  angle  through 
which  it  bends  the  forearm  ia  only  one-fifth  the  angle  of 
flexion  due  to  the  brachuevs;  while  in  the  Lioness  these 
angles  are  nearly  equal,  and  in  Man  the  angular  motion 
caused  by  the  biceps  is  greater  than  that  produced  by  the 
braclttaia. 

These  peculiarities  are  common  to  the  Ass  and  Horse 
in  which  latter  animal  the  "  gig  action"  of  (he  fore  foot,  so, 
much  admired,  is  altogether  due  to  the  fame  cause  as  in  the 
Ass,  viz.,  the  rapid  flexion  of  the  elbow  joint  caused  by  the 
pennate  arrangement  of  the  fibres  of  the  biceps  muscle,  pro- 
dacing  a  powerful  contraction  through  a  short  space. 

The  mj/lohtfoid  muscle,  which  forms  the  floor  of  the  mouth 
^diaphroffma  oris),  is  another  good  example  of  the  pennifonn 
arrangement  of  muscular  fibres.  This  muscle,  as  it  exists  in 
Man,  is  shown  in  Fig.  27,  where  JS  denotes  the  hyoid  bone. 


and  5  the  symphysis.     The  posterior  fibres  of  the  muscle  a 
attached  directly  to  the  tongue  bone,  while  the  anterior  fibr 
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meet  in  a  central  raphe,  IIS,  which  is  the  direction  of  the  re- 
sultant motion  produced  by  the  simultaneous  contraction  of 
all  the  penniform  fibres.  The  lengths  of  the  fibres  measured 
from  behind  forwards  increase  from  0.95  in.  to  1.50  in.,  and 
then  decrease  gradually  down  to  zero.  The  angle  ^^  made  by 
them  with  the  central  raphe,  is  45*,  when  the  top  of  the 
tongue  bone  is  brought  into  the  same  plane  as  the  floor  of  the 
mouth.  If  /  denote  the  length  of  any  fibre,  and  SI  the  amount 
of  its  contraction,  it  follows  that  any  point  «,  lying  in  the 
central  raphe,  will  be  drawn  upwards  and  forwards  through 
a  space  represented  by  S/v  2,  where  /  is  the  lengih  of  the 
line  .ra,  which  is  proportional  to  the  distance  of  x  from  the 
symphysis  of  the  jaw  ;  hence  the  point  iS  will  have  no  motion 
at  all,  and  the  velocity  will  increase  from  S  to  the  centre  of 
Hj  where  the  fibres  are  of  the  greatest  length. 

Another  example  of  pennifonn  muscle  may  be  seen  in  the 
accelerator  urin^e,  in  which  the  (ibres  form  angles  of  23* 
with  the  central  raphe. 

Muscular  Fibres  rectilinear,  lying  in  the  same  Plane,  and  not 

parallel  to  each  other. 

This  natural  group  of  muscles  may  be  divided,  like  the 
former,  into 
three  distinct 
types,  which 
may  be  nam- 
ed, respec- 
tively, Tri'  . 
angular^  Del- 

toiilal,      and  y 

Quadrilateral 

muscles. 

Trvmaular  MhscIch. — In  these  muscles,  tho  oriL'in  is    a 
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point,  and  the  insertion  of  the  fibres  is  a  right  line  Let  0 
(Fig.  28)  denote  the  origin,  and  ^JSthe  line  of  insertion.  The 
muscular  fibres  diverge  from  the  point  0^  lying  between  the 
lines  OA  and  OB^  and  each  fibre  contracts  with  the  same 
force,  whatever  be  its  length.  Draw  the  line  OX  bisecting 
the  angle  AOB,  If  the  muscular  fibres  be  taken  in  pairs, 
making  equal  angles  at  opposite  sides  of  OX,  the  resultant  of 
each  pair  of  fibres  will  lie  along  the  right  line  OX,  which  will 
therefore  be  the  direction  of  the  resultant  of  the  whole  mus- 
cle ;  and  since  the  bisector  of  the  angle  AOB  divides  the  base 
AB  into  segments  AXy  XB,  proportional  to  the  sides  AO 
and  OBy  it  is  easy  in  all  cases  to  find  the  point  X,  in  the  line 
of  insertion,  through  which  the  whole  force  of  the  contracting 
muscle  is  directed. 

One  of  the  best  examples  of  triangular  muscle,  with  which 
I  am  acquainted,  is  to  be  found  in  the  biceps  femoria  of  the 
large  FelidcB,  In  a  large  Lion  examined  by  me,  the  biceps 
weighed  27.7$  oz.  It  forms  a  massive  triangular  sheet,  hav- 
ing for  its  origin  the  highest  point  of  the  tuher  ischii,  and  is 
inserted  by  strong  fascia,  continuously,  from  the  middle  of 
the  femur,  covering  the  vastus  externus^  down  the  entire  length 
of  the  outer  side  of  the  leg,  as  far  as  the  tendo  AchilliSj  round 
which  it  is  fastened. 

The  total  length  of  the  fibres  from  the  origin  to  the  lowest 
point  of  insertion  was  22.2$  inches,  and  the  length  of  the 
fibres  passing  to  the  highest  point  of  insertion  was  8.75  inches. 
The  base  of  the  triangle,  when  the  leg  is  extended,  was  17.25 
inches.  If  we  divide  this  length  in  the  proportion  of  OA  to 
OBy  or  22.25  to  8.75,  wc  shall  find 

AX  =  12.38  inches. 
BX^    4.87      „ 

This  point  corresponds  exactly  with  the  top  of  the  fibula,  so 
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timt  the  effect  of  the  whole  trinngular  muscle  is  the  same  aa 
tliat  of  a  single  prismatic  muscle  passing  from  the  tuber  ischii 
at  the  top  of  the  Gbula. 

Another  remarkable  example  of  triangular  muscle  is  found 
in  the  anterior  Gn  muscle  of  the  Angel  Shark;  this  muscle 
consists  of  a  number  of  distinct  muscular  bundles,  each  be- 
longing to  a  single  ray  of  the  fiu,  and  forming  altogether  a 
triangular  muscle,  whose  sides  measured  5  in.  and  2J  in.  re- 
spectively, the  base  measuring  in  a  straight  line  7  inches; 
the  muscle  itself  is  not  terminated  by  this  base,  but  has  a 
curved  base,  as  shown  in  the  Fig.  19.     In  this  case,  as  in  the 


^-^J*^^?^^"^ 


Fig.  .9. 

last,  the  bisector  OX,  of  the  angle  A  OB,  will  be  the  direc- 
tion of  the  resultant  of  the  radiating  fibres,  whatever  be  the 
shape  of  the  curve  that  forma  the  base  of  insertjon  of  the 
muscular  dbrca.  In  the  Angel  Shark  I  found  20  distinct 
bundles  lying  between  OB  and  OX,  and  30  bundles  lying 
lielween  OA  and  OX ;  but  the  first  bundles  were  jo  per  cent, 
thicker  than  the  second,  so  that  the  muscular  force  was  dis- 
tributed cquiilly  through  equal  angles  round  the  point  0. 

Let  us  suppose  the  radiating  fibres  of  a  triangular  muscle 
to  be  so  arranged  that  equal  angles  will  contain  equal  num- 
bers nf  muscular  Gbrcs;  and  let  it  be  required  to  calculate 
the  work  done  by  the   contraction  of  such  a  muscle,  and 
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compare  it  with  the  inherent  or  potential  worK  of  the  muscu- 
lar fibres  contracting  separately. 

We  may  imagine  a  circle  described  round  the  point  0 
with  a  radius  assumed  equal  to  unity,  and  such  that  the  fibres 
passing  to  their  insertion  completely  fill  the  circumference  of 
the  arc  of  this  circle.  If  0  denote  (Fig.  28)  the  angle  XOx^ 
made  by  any  muscular  fibre  with  the  bisector  OX,  and  /  de- 
note the  fortce  of  contraction  of  the  muscular  fibres  applied 
perpendicularly  to  a  unit  length  j  then/(£0  will  be  the  force 
acting  in  the  line  Ox^  and  the  resultant  of  all  these  forces, 
estimated  in  the  direction  OX,  will  be 


R^f 


COS  9dQ  =  2/ sin  0. 


When  the  whole  muscle  AOB  contracts,  each  fibre  is  short- 
ened so  as  to  allow  the  base  AB  to  be  drawn  towards  0,  in 
the  direction  OX,  remaining  parallel  to  itself.  If  ^  denote 
the  bisector  OX,  and  S6  be  the  amount  of  contraction,  the 
total  work  done  by  the  triangular  muscle  will  be — 

Work  of  triangular  Muscle  =  BZh  =  2/S&  sin  0  «  2/8j,    (30) 

where  q  denotes  the  perpendicular  (Xy)  let  fall  from  the 
point  X  upon  the  side  of  the  triangle. 

If  we  assume,  that  the  cross  section  of  a  triangular  muscle 
is  everywhere  the  same,  this  cross  section  may  be  conveniently 
used  as  the  unit  to  which  /  is  applied,  and  we  obtain  the  fol- 
lowing important  theorem : — 

The  Work  done  by  tlie  contraction  of  any  triangular  muscle 
is  equal  to  the  Work  done  by  a  jyrismatic  muscle  having  the  name 
cross  section  and  a  length  equal  to  twice  the  perpendicular  drop- 
ped on  t/ie  side,  from  the  fool  of  the  bisector  of  the  vertical  angle 
of  the  triangular  muscle. 
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The  totil  &monnt  of  work  imheremi  in  the  nmscle  may  be 
found  fts  follows  :  if  /  denote  the  length  of  any  fibre  Ox,  then 
in  will  be  proportional  to  the  work  of  its  contraction ;  and 
the  total  inherent  work  will  be — 


Inherent  Work  of  Triangular  Muscle  -f 


S/dO 


If  we  call  f3  the  angle  BXO  (Fig.  28 )«  we  have 

/  = ^  ^  ,  and 

sm  (/3  -  ey 


«# 


Inherent  Work  =/(2^  sinf3  I  -s — - 


W 


sin  (/3  -  6^) 

# 


^      ^  cot  i(/3  *  $)       ^^  ' 

This  result  admits  of  a  geometrical  illustration  (Fig.  30). 
In  the  triangle  AOB  draw  the  bisector  of  the  vertical  angle 


\ 


/ 


/ 


Fig.  30- 

OX,  and  from  the  point  A'  let  fall  the  perpendicular  X  F=  q. 
Pn>(i\ic»*  tlie  si(1c8  A  O  and  A  H,  and  draw  the  cxscribed  circle, 
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touching  AB  at  the  point  Z^  and  let  fall  the  perpendiculai 
OU  ^Pj  from  the  vertex  upon  the  base  of  the  triangle. 
It  is  easy  to  see  that 

OBZ  «  /3  +  0 

coi  ^{fi- 01    AZ 
cot  i(j3  ^  e)'  BZ 

Therefore 

The  tpork  inherent  in  a  triangular  muscle  is  proportional 
to  the  perpendicular  let  fall  from  the  vertex  upon  the  base, 
multiplied  by  the  Napierian  Logarithm  of  the  ratio  of  the  seg- 
ments of  the  base  made  by  the  point  of  contact  of  the  exscribed 
circle  ; 

and 

The  work  done  by  the  same  muscle  will  be  proportional  to 
double  the  perpendicular  let  fall  upon  the  side  of  the  triangle 
from  the  foot  of  the  bisector  of  the  vertical  angle. 

In  the  case  of  the  biceps  femoris  of  the  Lion,  I  made  the 
following  measurements :  — 

p  =  3.28 
AZ  ^  9.56 

q  =  1.85. 
From  these  data  we  Gnd — 

V  log*  ■^=  328  X  1.25  -  4.10, 

and 

^q  =  3.60. 
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Hence,  the  inherent  work  of  the  muscle  is  to  the  work  done  by 
it  as  41  to  36 ;  or  the  work  done  is  88  per  cent,  of  the  inhe- 
rent work,  and  the  lose  of  work  amounts  to  12  per  cent.,  in 
consequence  of  the  triangular  arrangement  of  the  fibres. 

In  the  preceding  investigation,  I  have  assumed  that  the 
muscular  fibres  proceeding  from  AB  to  O  are  distinct  from 
each  other,  and  pa^s  continuously  from  origin  to  insertion 
without  interfering  or  blending  with  each  other.  On  this 
supposition,  the  fibres  are  supposed  to  be  arranged,  not  in 
one  plane,  but  like  the  radiating  blades  of  a  fan,  in  such  a 
manner  that  the  cross  section  of  the  muscle  made  by  a  sphere 
described  with  0  as  centre  and  with  any  radius,  shall  be 
always  oonsunw. 

In  order  to  ascertain  the  law  of  distribution  of  fibres  in  a 
triangular  muscle,  I  made  the  following  measurements  in  the 
great  pectoral  muscle  of  the  wing  of  the  common  Buzzard. 

'I'he  weight  of  the  muscle  was  0.705  oz.  av.,  and  the  lengtl 
of  its  extreme  fibres  was  6  inches.  I  took  the  breadth  and 
thickness  of  the  cross  section  of  the  muscle  at  6, 4,  and  2  inches, 
respectively,  from  its  humeral  insertion,  and  calculated  the 
area  of  the  cross  section  from  these  measurements,  with  the 
following  results : — 


Pertm*at  Muscle  of  Buzzard. 


Dbunce  of  Section 
flrom  liiMution. 

LenRtta  of  Section. 

Mean  Thickness  of 
Section. 

AreaofCroM 
Section. 

2  inches. 

4       i« 

6        M 

1.9  a  inches. 
2.26       „ 
6.00 

a 22    inches. 

0.185      ,» 
0.07 

0.422  sq.  in. 
C.418       „ 
0.420      „ 

This  Table    demonstrates    the  accuracy  of  the    supposition 
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made  as  to  the  distribution  and  arrangement  of  the  fibres, 
and  I  believe  that  the  same  arrangement  exists  in  every 
muscle,  however  complicated  in  form ;  or,  in  other  words, 
that  each  muscular  fibre  passes  from  origin  to  insertion,  rc- 
tainiNg  a  constant  thickness  or  cross  section. 

In  the  common  Heron,  I  obtained  results  quite  conform- 
able with  those  found  from  examination  of  the  pectoral  muscle 
of  the  Buzzard.  In  Fig. 
31  is  shown  the  pcctorul 
muscle  of  the  Heron 
OP  ia  the  insertion  on 
the  ridge  of  the  arm 
bone ;  XYZ\6  the  curve 
formed  by  the  origin  of 
the  mnscuIsT  fibres.which  '' 
radiate  in  a  fan-sAaped 
manner  from  their  in- 
sertion, OP,  to  their  ori- 
gin, XYZ.  I  measured 
the  length  of  the  line 
XYZ,  and  took  the  thick, 
ness  of  the  muscle  at 
various  points  along  this 
line ;    and   also  along  a 

curved  line  of  section,  xy%,  made  so  as  to  divide  all  the  radi- 
ating fibres.  The  cross  sections  along  XYZ,  and  ryz  are 
shown  in  fig.  32. 

The  section  XYZ  had  a  mean  thickness  of  0.22  in. 
through  two-thirds  of  its  length,  and  of  0.33;  in.  through 
one-third,  giving  a  mean  thickness  of  0.258  in.  The  section 
xyz  had  a  mean  thickness  of  0.56  in.  in  the  middle  third,  and 
of  0.50  in.  and  0.38  in.  in  the  outer  thirds,  giving  a  total 


Fig.  31. 


1^:  -zje  iii  rf^  ^  1-  xl.'     U<aoe  «e  find  ifae  foUovtng  :— 


1\a»  nsali  chovs  tbu  the  cdmb 
Mfdoa  of  tlie  miiscte  is  conxUat ; 
bnu  in  order  to  reri^  tli«  lesnlt, 
I  cut  oat  two  templets  in  zinc,  of 
exacdj  ilie  shape  of  the  cross  sec- 
tions in  Fig.  33,  uid  weighed 
them,  with  the  following  re- 
eull:^ 

Weight  of  (a  )  =  63  4  gra 
■Weight  (jiib)  '  6^  6     ,  ' 

When  we  consider  the  difficulty 
of  mcasunni;  exactly  the  crow 
section  of  a  tnuscle,  the  foregoing 
result*  must  be  regarded  as  prov- 
ing that  its  cross  section  is,  prac- 
tically, constant. 

Among  the  advantages  that  arise  from  this  arrangement 
nf  fibres  in  complex  muscles,  one  of  the  most  obvious  is  tbo 
equal  strength  which  it  gives  to  all  parts  of  the  muscle,  which 
would  not  be  secured  by  any  web-like  arrangement,  allowing 

•  Tht  lotal  ncif^ht  of  the  mmtle  w«*  j-68  ox.  nr. 


Fig.  J*. 
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of  cne  blending  of  the  6bres  with  each  other.  Thus,  in  a  tri- 
angular muscle  formed  from  a  uniform  sheet  of  muscle  of  equal 
thickness  throughout,  the  strength  of  the  section  near  the 
vertex  would  be  much  less  than  of  that  near  the  base,  and  the 
muscle  might  be  torn  by  the  application  of  external  violence ; 
whereas,  in  a  muscle  whose  fibres  are  arranged  in  a  fan- 
shaped  form,  the  cross  section  being  the  same  everywhere, 
the  muscle  is  of  equal  strength,  and  the  tendency  to  tear 
across  is  lessened. 

The  following  measurements,  made  on  a  male  human  sub- 
ject, confirm  the  results  obtained  from  the  pectoral  muscle  in 
Birds : — 

Pectoral  Muscle  in  Man, 


Length  of  Section. 

Mean  Thieknett. 

CroM  Section. 

2. 20  inches. 
11.50       n 

0.31  inches. 
0.16      „ 
0.06      „ 

0.682  sq.  in. 
0.680      „ 
0.690      „ 

There  is  always  a  loss  of  Work  done  in  a  triangular  muscle, 
which  is  due  to  the  peculiar  arrangement  of  its  fibres  in  a  fan- 
like form  ;  and,  in  this  respect,  muscles  with  radiating  fibres 
differ  remarkably  from  the  penniform  muscles,  in  which,  as  I 
have  shown,  the  Work  done  is  always  equal  to  the  inherent 
Work.  This  may  be  proved  as  follows  :  let  P,  P',  P^,  &c., 
be  any  forces,  and  let  />,  p\  p'\  &c.,  be  the  displacements 
(estimated  in  the  directions  of  the  forces)  undergone  by  their 
points  of  application ;  and  let  22,  r,  be  the  resultant  of  the 
forces,  and  the  displacement  of  its  point  of  application,  esti- 
mated in  the  direction  of  the  resultant  itself; — then  we  have, 
by  Lagrange's  principle  of  virtual  velocities, 

Br  ^  Pp  ¥  Pp  +  P'p"  +  &c.  (32) 
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Let  AOB^  Fig.  33,  be  a  triangular  fan-shaped  muscle,  and 
let  OF  be  the  bisector  of  the  vertical  angle,  and  its  length 


Fig-  33. 

equal  h.  Since  the  line  of  insertion,  ABy  remains  constant  in 
length,  when  the  muscle  contracts,  the  line  AB  will  move, 
parallel  to  itself  in  the  direction  YOy  into  a  position  A'By 
and  the  fibre  OF  will  contract  to  its  full  amount  of  inherent 
work,  through  a  space  AA'  =  BB  =  8J ;  if  we  take  any  other 
fibre,  Ox  =  /,  and  draw  xaf  parallel  to  0  F,  and  with  0  as 
centre  describe  the  circle  xp^  then  xp  will  be  the  space 
through  which  the  fibre  /contracts;  but  this  space  is  less 
than  xa  =  8/,  which  bears  to  /  the  same  ratio  that  AA'  ■=  86 
bears  to  h.  Hence  the  fibre  /,  in  contracting,  only  gives  out 
the  work 

fiW  X  xp  =  fhh  .  cos  6(/0, 

instead  of  the  work 

which  is  inherent  in  it. 

If  we  suppose  (lig.  34)  -42?  and  ^'jB*  of  indefinite  length, 
and  draw  .r^  parallel  to  Ol'in  such  a  manner  that  04?=  Oy;  it 
is  easy  to  see  that  all  the  fibres  lying  to  the  left  oi  xy  will  be 
shortened  by  the  transference  o(AB  to  ABy  while  all  the  fibres 
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lying  to  the  right  of  xy  will  be  lengthened.     No  Work  at  all 
is  done  by  the  fibre  Ox,  or  those  to  the  right ;  and  of  the 


Fig.  34- 

fibres  to  the  left  of  .ry,  all  do  some  Work ;  but  the  Work  done 
by  them,  with  the  single  exception  of  the  fibre  OY,  is  less 
than  their  inherent  Work.  Taking  the  sum  of  all  the  Work 
done  by  each  fibre,  we  have — 


Work  done  - 


flh  cos  0JO  =  ^flh  sin  0, 

'9 


a  result  that  coincides  with  the  Work  done,  found  directly 
from  the  resultant  of  all  the  forces  (30). 

When  a  fan-shaped  muscle,  instead  of  being  triangular  in 
shape,  has  a  curved  base,  as  in  the  pectoral  fin  of  the  Angel 
Shark,  Fig.  29,  the  Work  done  by  the  muscle  will  still  be  re- 
presented by  double  the  pqrpendicular  let  fall  from  the  foot 
of  the  bisector  of  the  vertical  angle  upon  the  side;  and  the 
work  inherent  in  the  muscle  will  depend  upon  the  integral 
of  U0,  taken  all  round  the  curve. 

If  this  curve  be  a  portion  of  a  circle  whose  centre  coin- 
cides with  the  vertex  of  the  radiating  fan-shaped  fibres,  the 
comparison  of  the  inherent  Work  and  Work  done  becomes 
very  simple.     This  case  is  nearly  realized  in  the  great  pectoral 
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muscle  of  man,  Fig.   3;.     Let  2O  be  the  angle  conUuned 
between  the  extreme  radiating  Bbres.     Then,  if  /  be  the  length 


Inherent  Work  -  i/Bl  ' 
Work  done  =  7fit  sin  6 


Work  done  sin  6 

Inherent  Work  '     $ 


(33) 


In  the  great  pectoral  muscle  of  man,  Fig.  35,  a  circle  PQ, 
described  with  a  point  0  on  the  humerus  as  centre,  coincidca 
appromixately  with  the  origin  of  the  fibres,  AliCD;  and 
since  the  angle  20.  contained  between  the  extreme  radiating 
fibres,  is  yo";  equation  (33)  becomes  for  the  pectoral  of  man. 


Work  done 

Inherent  Work 


10        2^2  _ 


=  0.9003. 


ANIIML  MtXIIAMCS. 


VA 


Hence  there  is  lo  per  cent,  of  Work  lost,  in  the  pectoral 
muscle,  by  means  of  the  fan-shaped  arrangement  of  its 
fibres. 

The  temporal 
muscle  in  man, 
shown  in  Fig,  36, 
is  a  remarkable 
example  of  fan- 
shaped  muscle ;  | 
and  there  must  be  ' 
a  conaiderable  loss 
of  w  ork  o  ccasioned 
by  its  shape ;  this 
loss  of  work  would 

be   very   difficult.  Pig.  jS. 

however,  to  calculntc,  in  consequence  of  the  elliptical  form 
of  the  line  of  origin  of  the  fibres. 

The  latksimvs  domi  in  man  may  be  considered  as  a  muscle 
whose  fibres  take  origin  from  an  arc  of  a  circle,  whose  centre 
is  the  point  of  insertion  in  the  arm  bone;  the  mean  angle 
contained  by  the  extreme  fibres  is  35° — hence  we  find,  from 
equation  (33), 


Work  done 
Inherent  Work 


"  3«S4  " 


This  shows  a  loss  of  only  2  per  cent.,  caused  by  the  fan-shaped 
amuigement  of  the  fibres,  whereas  the  pectoral  muscle  loses 
10  per  cent.,  in  consequence  of  the  greater  angle  contained 
between  its  extreme  fibres. 

The  radiating  fibres  of  the  muscle  of  the  I'm  give  us  an 
example  of  the  maximum  loss  of  Work  caused  by  fan-shaped 
arrangement.  We  have  seen  that  when  the  angle  between 
the  extreme  fibres  increases  from  35°  to  90°,  the  loss  of  Work 
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done  increases  from  2   to    lo  per  cent.     When  ths  Gbret 
radi&te  through  a  semicircle,  we  have 
Work  done        Bin  fl      2 
Inherent  Work  "     $     "  w        '  ^  ' 
This  corresponds  lo  a  loea  of  nearly  36  per  cenL 

Deltoidal  Mutcles. — The  deltoid  figure  of  geometers  is  » 
quadrilateral  figure,  formed  by  constructing  two  isosceles  tri- 
angles, with  unequal  vertical  angles  upon  the  opposite  udes  of 
the  same  base. 

Deltoidal  muscles  are  found  in  nature,  formed  by  the  unioa 
of  two  triangular  muscles. 

An  excellent  example  is  to  be  found  in  the  trapaciui 
muscle  of  man,  shown  in  Fig.  37. 


The  whole  (igure  XATB  is  a  dultoid,  and  is  formed  by 
the  union  ol'tlic  two  triangular  muKcles  XAYtxv^  XBT;  the 
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spines  of  the  scapulas  are  shown  at  AA  and  at  BB  ;  the  line 
AB  joining  the  vertices  of  the  two  triangular  muscles  is 
necessarily  perpendicular  to  the  spinal  column  XF;  and  the 
bisectors  of  the  vertical  angles  (^Oand  BO)  are  found  to  fall 
behind  and  below  the  line  AB\  so  that  when  the  whole 
trapezius  is  in  action,  the  resultant  forces  draw  the  scapulae 
in  the  directions  AO  and  BOy  shown  by  the  arrows.  This 
action  of  the  trapeziua  muscle  is  usefully  employed,  for  ex- 
panding the  chest,  in  the  kalisthenic  exercises  used  by  young 
ladies. 

Using  the  same  notation  as  in  the  case  of  the  biceps  fe- 
morU  muscle  of  the  lion,  I  have  found  the  following  results 
from  measurements  made  on  the  trapezius  muscle  of  man : 

JF-  i6  inches.  /3  -  83^  -  ^  OX. 

XA  «    9      „  0  =47030'=  OAX, 

YA  =  12      „  p  =  7  in. 

q  =516  in. 

From  these  data  we  find,  from  equations  (30)  and  (31), 

Work  done         ^q 

Inherent  work  "  cot  4  (/[3  -  0) 

^ Lo,3^  ^  ^^*  cot  i  (/3  -TS)  3^ 

"  ,i^„    foot  17° 45'^ 

The  work  done  by  the  trapezius  muscle  is,  therefore,  only 
77  per  cent,  of  its  inherent  work,  and  there  is  a  loss  of  23  per 
cent,  due  to  the  fan-shaped  arrangement  of  its  fibres. 

The  pectoral  muscles  of  many  animals,  especially  the 
rodents,  form,  by  union  of  the  muscles  of  the  right  and  left 
sides,  admirable  examples  of  Deltoidul  muscles. 

In  fig.  38  I  have  drawn  the  pectoral  muscles  of  the  com- 
mon squirrel,  O,  0  being  the  humeral  insertions  of  the  two 

0 
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iDHscles,  and  AB  the  sternum  j  OX  is  the  bisector  of  the 
angle  BOA. 


Fig.  3I. 
Using  the  same  notation  as  in  equation  (34),  we  have 


\P  =  27, 
',  g  -  10, 


and,  finally, 


plog. 


cot  (25°) 


'O.66. 


"cot  is 5') 

This  shows  a  loss  of  34  per  cent.,  arising  from  the  fan-shaped 
arrangement  of  the  fibres. 

Quadrilateral  MmcUl. — It  frequently  happens  that  the 
fibres  composing  a  triangular  muscle  do  not  run  on  com- 
pletely to  a  narrow  insertion,  but  are  inserted  into  a  bone  or 
fascia,  lying  in  the  same  plane  with  the  line  of  origin.  Such 
a  muscle  may  bo  called  a  quadrilateral  muscle,  and  its  ori^n 
and  insertion,  like  the  base  of  the  triangular  muscle,  may  be- 
come curved  lines  instead  of  right  lines.  The  typical  qua- 
drilateral muscle  is  shown  in  Gg.  39,  in  which  AB,  J!B  are 
the  origin  and  insertion  of  the  muscular  fibres.  Produce  the 
extreme  fibren  AA,  BB,  to  meet  at  O,  and  draw   OJTJK 


ANIMAL  MECHANICS.  195 

bisecting  the  angled  OS;   and  from   X,  X',  let  fall  XT, 
X  Y,  perpendicular  to  OA. 


The  quadrilatetal  muscle  may  be  regarded  as  a  triangular 
muscle,  AOB,  irom  which  a  portion  A'OS  has  been  cut 
off,  and  the  properties  of  the  quadrilateral  muscle  may  be 
readily  deduced  from  those  of  triangular  muscles. 

I  have  shown  (equation  30)  that  the  work  done  by  the 
triangular  muscle  AOB,  is  proportional  to  the  perpen- 
dicular X  y ;  but  the  work  done  by  the  part  cut  off,  A'OB, 
ia  proportional  to  the  perpendicular  XY';  hence  the  total 
work  done  by  a  quadrilateral  muscle  is  proportional  to  the 
difference  of  X  Yand  X'  Y'.  Hence,  whatever  be  the  shape 
of  two  quadrilateral  muscles,  if  the  difference  between  XTt 
anil  X'  Y'  be  the  same  in  both,  the  two  muscles  will  do  the 
same  work  in  contracting:  also,  if  the  inclination,  AOB 
between  the  extreme  fibres  of  two  quadrilateral  muscles,  be 
the  same,  the  work  done  by  each  will  be  proportional,  simply, 
to  the  length  of  the  right  line  XX';  for 
XY=  XO.  sine 
XT-  A"  0.  sine 


196 


ANIMAL  MECHANICS. 


and,  therefore 

AT-  A'  r-(XO- A'0).Binfl-  XX'.  sin  0 
Hence,  when  the  angle  9  ia  given,  the  di£erence  between  Xi 
and  X 1",  bears  a  constant  ratio  to  the  right  line  XX". 

An  example  of  the   Quadrt-  ^ 

/a(«ni2  muscle,  with  curved  origin  l:^ 
and  insertion,  may  be  found  in 
the  muHcle,  fig.  40,  which  re- 
presents in  the  Neroestrine  Ma- 
caque the  threefold  muscle,  Un- 
tor  vaginm  fftnoria,  glulava  maxi- 
mui,  and  agitator  eauda;  the  line 
It,  It,  represents  the  bony  origin 
of  this  threefold  muscle,  and  the 
lower  curved  line  represents  its 
insertion  into  ^the  fascia  of  the 
thigh;  its  fibres  converge  towards 
a  certain  point  O,  the  angle  be- 
tween the  extreme  fibres  being  Fig.4«- 
40°;  and  theresultantforceof  all  the  fibres  lies  in  the  line  OX, 
which  bisects  the  angle  between  the  extreme  fibres. 

Quadrilateral  muaclcs,  whose  lines  of  origin  and  inscrUon 
lie,  strictly,  in  the  same  place,  are  very  rare  in  nature,  and 
the  whole  group  of  muscles,  called  quadrilateral,  tends  to 
merge  itself  in  the  more  complex  form  of  muscle,  presently 
to  be  described,  in  which  the  fibres,  although  rectilinear, 
form,  when  taken  together,  ruled  or  skew  surfaces. 

Sphincter  Mtueles,  whose  Fibres  are  curvilinear  and  paralUl, 
lying  in  llie  mme  Mane. 
In  a  sphincter  muscle,  each  fibre  forms  a  closed  curve, 
circular,   or  elliptical  in  shape ;  and  the  collection  of  such 
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fibres  forms  the  entire  muscle.  Sphincter  muscles  are  usually 
placed  round  an  orifice,  which  is  closed  by  the  contraction  of 
the  fibres.  These  two  systems  of  fibres  counteract  each  other, 
and  by  means  of  their  alternate  action  the  orifice  may  be 
opened  or  closed  to  any  required  extent. 

We  shall  first  consider  the  theory  of  a  single  circular  fibre, 
but  before  doing  so,  it  is  necessary  to  prove  an  elementary 
theorem  in  Geometry,  of  which  we  shall  make  use,  not  only 
in  the  theory  of  sphincter  muscles,  but  also  in  the  theory  of 
muscles  forming  curved  surfaces. 

If  firom  any 
point  0,  outside  a 
drcle.  Fig.  41,  two 
tangents  be  drawn 
and  the  chord  join- 
ing their  points  of 
contact,  and  the 
diameter  passing 
through  0  be  also 
drawn: 

Then  let 


Fig.  41. 


r  «  radius, 

t  a  tangent} 

a  »  half  the  chord, 

X  =  intercept  between  circle  and  point  0, 

y  =  intercept  between  circle  and  chord  : — 

I  say  that  when  the  point  0  approaches  indefinitely  near 

the  circle,  the  intercepts  x  and  y  will  become  equal  to  each 

other. 

For 

<*  c  (jir  -k^  it)  X  (Euc.  iii.  36). 

a»=  (2r-y)y  (Euc.  iii.  35). 

Subtracting  these  equations  from  each  other,  we  have 

2/'  (r     y)  +  (.r^  +  y^)  =  r^  -  a^ 
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But  t  and  a  become  equal  to  each  other,  and  to  half  the  are 
contained  between  the  tangents  when  0  indefinitely  approaches 
the  circle  ;  hence  the  foregoing  equation  becomes 

2r  (a?  -  y)  +  (iP*  +  y*)  =  o ; 

and,  as  x  and  y  are  indefinitely  smdl,  the  term  a^  -¥  y^  disap- 
pears, being  of  the  second  order,  and  the  equation  becomes, 
finally, 


or 


2r  (a?  -  y)  «  o 


fl-.y 


Fig.  4a. 


Q.  E.  />. 

Let  ayZ,  Kg.  42, 
represent  a  circnlar 
fibre  of  a  sphincter 
muscle,  and  let  any 
point  0,  indefinitely 
near  the  fibre,  be  taken, 
and  from  this  point 
imagine  two  tangents 
drawn  to  the  circle. 
When  the  whole  fibre 
contracts  there  will  be 
produced  a  tangential 
strain  at  each  point  of 
the   circle ;   and   it  is 


necessary  for  equilibrium  that  forces  perpendicular  to  the 
circle  shall  act  at  each  point.  We  are  required  to  find  the 
relation  between  the  system  of  tangential  and  perpendicular 
forces. 

It  must  be  remembered  that  the  sphincter  fibres  can  pro- 
duce tangential  strains  only,  for  a  muscle  can  only  contract; 
and  that  the  perpendiculai  forces,  which  equilibrate  the  tan- 
gential strains  must  be  produced  by  a  distinct  set  of  radiating 
fibres. 
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At  the  points  of  contact  Zy  y^  the  tangential  strains  act  in 
the  directions.  Ox  and  Oy^  and  they  must  be  equilibrated  by 
a  perpendicular  force  acting  in  the  direction  CO,  passing 
through  the  centre.  Let  T  represent  the  tangential  strain  at 
each  point  x  and  y ;  the  resultant  of  these  two  forces  is 

5-  aTcos  TOO. 

Since  the  arc  xy  is  small,  we  have  the  intercepts  between  0 
and  the  circle,  and  between  the  circle  and  chord  xy^  equal  to 
each  other;  let  the  tangent,  arc,  or  semichord  be  called  a,  and 
the  intercept  c ;  then  we  have 


cos  TOC^-  --, 
a       o 


and  therefore 


ii  =  2r^ 


p 

If  P  represent  the  perpendicular  force  acting  on  each  unit 
length  of  the  circle,  the  resultant  R  just  found  must  equili- 
brate tlie  force  P  applied  to  the  whole  arc  intercepted  between 
X  and  y\  and  hence  we  have 

R  -  2Pa, 

Equating  these  two  values  of  R,  we  obtain, 


2Pa  =  %T- 


and,  finally, 


T 

^--  (35) 


Hence,  if  the  tangential  strain  be  given,  the  perpendicular 
force  will  vary  inversely  as  the  radius  of  the  circle,  or  directly 
ac  its  curvature  ;  and  if  the  perpendicular  force  be  given,  the 
tangential  strain  will  vary  directly  as  the  radius  of  the  circle. 
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The  first  of  these  cases  is  one  of  common  occurrence,  as  the 
f'phincter  is  often  called  upon  to  contract  upon  a  resisting 
body ;  in  this  case,  the  cross  section  of  the  sphincter  ling 
measures  the  total  amount  of  the  tangential  contraction  possible, 
and  the  body  filling  the  orifice  will  be  compressed  by  a  force 
which  increases  as  the  aperture  of  the  orifice  dimiiushea. 

The  best  example  of  sphiniAer 
and  radiating  fibres  to  be  found  in 
nature  occurs  in  the  muscles  of 
the  iris,  which  close  and  open  the 
aperture  of  the  pupil  of  the  eye. 
These  are  shown  in  Fig  43. 

llie  iphincUr   muscle  forms  a 

>' '        fiat  narrow  band  on  the  posterior 

'  -'<■'<-  surface  of  the  inner  rim  of  the  int 

Fig.  4].  close  to  the  pupil,  and  ia  about 

j^ijth  of  an  inch  wide. 

The  radiating  fibres,  which  are  antagonistic  to  the  sphincter 
fibres,  commence  at  the  ciliary,  or  outer  margin  of  the  iris, 
and  arc  directed  inwards,  in  bundles,  towards  the  pupil;  at 
the  pupil  itself,  they  blend  with  the  sphincter,  some  of  the 
radiating  fibres  reaching  as  far  as  its  inner  margin. 

Under  the  influence  of  these  opposing  muscles,  the  dia- 
meter of  the  pupil  ranges  from  ^rd  to  ^th  of  an  inch.  Atany 
given  diameter  of  the  pupil,  equilibrium  exists  between  the 
forces  T  and  P,  developed  by  the  sphincter  and  radiating 
fibres ;  the  ratio  between  these  forces,  however,  does  not  re- 
main constant,  but  ranges  from  3  to  30,  according  to  the  dia- 
meter of  the  pupil. 

The  xphincler  muscle  of  the  iris  derives  its  motor  supply 
from  the  third  pair  of  nerves,  while  the  diiator  muscle  is  sup- 
plied from  ihe  sympathetic;  thus,  the  opposing  forces  of  these 
antagonist  muscles  arc  instructed  to  act  Irom  distinct  nerve 
centres. 


ANIMAt  MECHANICS. 


l^e  relaUons  be- 
tween the  fibrce  of 
these  musclee  (as  re- 
vealed by  the  micro- 
scope) are  shown  in 
Fig-  44,  which  repre- 
sents a  portion  of 
these  fibres,  in  the 
iris  of  the  Albino- 
nbbi^  (Kolliker) 
magnified  350  times. 

In  this  figure   ab 
represents  the  sphinc- 
ter,  and  ccee  the 
radiating  fibres. 

The  arrange- 
ment of  these 
fibres  shows  in  a 
clear  manner  how 
admirably  they 
are  constructed  to 
react  upon  each  0 
other  in  the  man- 
ner already  de- 
scribed. 
,  The  sphincter 
muscle  of  the  eye 
forms,  also,  an 
gxcellentexample 
of  this  class  of 
muscles. 

I'his  muscle 
00  (orbicularis 
palpebrarum)  is 
shown  in  Fig.  4j; 
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it  forms  s  thin  elliptical  sheet,  suiiouading  the  fissure  be- 
tween the  eyelids,  and  covering  theii  surface,  and  spreadini; 
for  some  distance  outwards  on  the  temple,  upwards  on  the 
forehead,  and  downwards  on  the  cheek.  The  fibres  maj  be 
regarded  as  fixed  at  I,  the  inner  angle  of  the  eje,  where 
they  terminate  either  in  the  tendo  palpebrarum  or  in  the 
superior  maxilla  or  frontal  bone. 

The  muscle  is  often  considered  by  anatomists  as  compoaed 
of  an  external  and  internal  ring,  according  as  the  fibres  lie 
upon  the  eyelids  {ciliari$)  or  lie  outside  them.  The  external 
portion  ia  hounded  above  by  the  frontal  muscle*  FF,  with 
whose  fibres  the  outer  fibres  of  the  sphincter  are  blended; 
and  the  tower  portion  of  the  external  sphincter  sends  offcroM 
slips,  by  which  it  blends  itself  with  the  malar  muscles,  MM. 
The  frontal  and  malar 
muscles  are  the  antagonists 
of  the  external  portion  ol 
the  sphmcter ;  but  the  an- 
tagonists of  the  inner  por- 
tion (ci/mrM)  are  the  ladi- 
ating  hbres  shown  in  Fip. 
46,  named  levator  palpfimi- 
rum  uu,  leeator  palpebra 
mpenons  //,  a  portion  of 
the  orbintlarU  muscle. 
Ihe  outer  fibres  of  the 
^'  ■*"■  external    sphincter      are 

nearly  circular,  and  have  a  radius  of  curvature  equal  to  0.89 
in.;  the  fibres  of  the  inner  sphincter  are  elliptical,  and  their 
outer  portion  correaponda  to  an  ellipse,  whose  axes  ai«  in 
the  proportion  of  p  to  5 -the  radii  of  curvature  at  the  ex- 
tremities of  the  axes  being  0.35  in.  and  0.4;  in.  respectively. 
When  the   whole  orbiadarix  muscle  contracts,   its  outer 
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fibres,  being  circular^  contract  symetrically  towards  the  centre  ; 
but  the  elliptical  fibres,  being  attached  to  the  tendo  palpebra- 
rum  on  the  inner  side,  on  contracting  draw  with  them  the 
entire  orbicular  muscle  towards  the  nose;  the  force  with  which 
this  is  done  varying  as  the  curvature  of  the  fibres  at  the 
outer  side  of  the  eye. 

The  motor  nerves  of  the  orbicularis  muscle  are  derived 
from  the  temporal  branch  of  the  facial  nerve  (yth  pair).  These 
same  nerves  furnish  the  motor  supply  of  the  frontalis  muscle. 
The  other  antagonist  of  the  orbicularis  muscle,  viz.,  levator 
palpebrce^  derives  its  motor  supply  from  the  3rd  pair  of  nerves 
{matores  oculorum).  There  would  thus  seem  to  be  a  more 
complete  antagonism  between  the  Ucatores  palpebrarum  and 
the  orbicularis  intemus  than  l)etween  the  frontalis  and  orbicu- 
laris eat^mus. 

The  mouth  furnishes  us  with  an  extremely  complex  but 
most  beautiful  example  of  sphincter  and  radiating  muscles, 
whose  varied  action  produces  an  infinite  variety  in  the  shape 
and  expression  of  the  lips. 

The  orbicular  muscle  of  the  mouth,  like  that  of  the  eye,  is 
elliptical,  and  constitutes  the  only  force  available  for  closing 
the  lips.  The  radiate  muscles  of  the  mouth  are  eighteen  in 
number,  nine  at  each  side,  placed  symmetrically  in  relation  to 
those  of  the  opposite  side.  The  nine  muscles  at  each  side  of 
the  mouth  are  arranged  in  two  sheets,  an  outer  and  an 
inner;  the  outer  sheet  consists  of  six  muscles,  and  the  inner 
sheet  consists  of  three  muscles,  which  overlap  the  muscles  of 
the  outer  sheet  at  the  angles  of  the  mouth,  where  the  curva- 
ture of  the  orbicular  muscle  is  greatest. 

These  muscles  are — 
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OtTfcB  L\TEK. 
I .  Qmtdrat^s  Uiha  MH^trioTiS  iUvotar  laUi 

3   Zyy/matiei  (mq^  H  ndnar). 

f .  HuhcuUxMHM  co(H  {platy$ma), 

6.  TrUingularii  cris  ^dej/reM$or  ang^tli  ortM). 

IXN'KB  LaTEB. 

7.  Quadratu$  labii  inJeriorU  (quaJratui  menti). 

8.  BuccinaicT. 

ij.  Caninwf  (Uvatar  angnli  oris), 

• 

I  n  fig.  47  I  have  drawn  the  directions  of  the  foregoing 
inusclcfl  in  the  relative  position  which  they  occupy  with 
rc0|ject  to  the  sphincter  muscle. 
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Fig.  47. 


Tho  luttor  nuisolc  is  rcproscniod  by  the  ellipse,  whose  foci 
4vr  0  and  <>';  on  the  lort-hund  siilc  of  the  ellipse  are  shown 
tho   iliivi'tionji   ol' the  outor  layer  of  radiating   muscles,   and 
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(to  avoid  confusion)  the  deep  layer  of  radiating  fibres  is  shown 
on  the  right-hand  side  of  the  diagram. 

1 .  I.I.  Quadratus  labii  supenaris.  The  fibres  of  this  sheet 
of  mascle  act  perpendicularly  to  the  orbicttlaris  oris^  from  the 
extremity  of  the  minor  axis  to  a  line  passing  through  the 
focus,  and  making  an  angle  of  40®  with  that  axis.  This  sheet 
of  muscle  acts  upon  three-fourths  of  the  elliptic  quadrant,  and 
18  the  only  radiate  muscle  that  counteracts  the  orbicularis  in 
thb  part  of  its  extent. 

2.  Orbteidaria  malaris.  This  little  muscular  slip  is  a  portion 
of  the  orbicularis  oculi^  on  the  outer  side,  and  passes  into  the 
upper  lip,  with  the  fibres  of  the  quadratic  labii  superioris. 
Its  mechanical  action  is  feeble,  but  identical  with  that  of  the 
fibres  of  the  latter  muscle.  Its  chief  use  is  not  mechanical 
but  expressional,  for  it  correlates  the  action  of  the  sphincter 
of  the  eye  with  that  of  the  lifter  of  the  upper  lip  ;  as  in  the 
highly  natural  gesture  of  winking  with  one  eye,  and  lifting 
at  the  same  time  the  comer  of  the  corresponding  lip.  It  was 
fully  described  by  SanUmni,  who  calls  it  perpetuus  lacertulus 
ab  imo  orbiculatn. 

3.  The  Zygomatic  muscular  slips  occupy  the  position 
shown  in  the  diagram,  and  require  no  further  description,  as 
they  are  well  known. 

4.  4.  Risorius,  This  muscle  forms  a  thin  sheet  of  radiating 
fibres,  extending  from  35®  above  the  axis  major  to  40^  below 
the  same ;  in  conjunction  with  the  deeper  seated  buccinator^  it 
ifl  intended  to  control  the  action  of  the  orbicularis  at  the 
extremity  of  its  major  axis,  where  its  curvature  is  greatest, 
and  consequently  the  perpendicular  force  also  required  to  be 
greatest. 

5.  The  Platysfma  of  the  neck  {subcutaneus  colli)  sends  a 
sheet  of  fibres  to  the  angle  of  the  mouth,  which  act  in  a  di- 
rection 30^  below  the  major  axis. 
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6.  ^.  The  triufHfvfarvt  orig  (deprenar  anguU  oris)  forms  t 
sheet,  radiadng  from  68^  below  the  major  axis  to  a  line, 
0Q»  ▼cry  nearly  at  right  angles  to  the  same  axis. 

7.  7.  QmadnUys  labii  m/eriaru  (qmadratus  mend)  forms  a 
radiadng  sheet  whose  Gbres  are  perpendicular  to  those  of  the 
oMcuiniSf  throngh  four-fifths  of  the  lower  elliptic  quadrant, 
from  the  minor  axis  to  a  direction  22^  below  the  major  axis, 
near  the  comer  of  the  mouth. 

To  understand  exactly  the  relative  positions  of  the  deep 
and  superficial  layers,  we  should  imagine  the  ellipse  folded 
on  its  minor  axis,  so  as  to  bring  all  the  radiating  lines  on  the 
same  side  of  the  mouth. 

This  muscle  acts  alone  on  the  arbieularis^  firom  B  to  Q, 
where  the  curvature  of  the  sphincter  is  least,  and  u  assisted 
by  other  muscles,  as  it  approaches  the  angle  of  the  mouth 
where  the  curvature  is  greater.  It  corresponds  precisely 
in  its  action  and  position  with  the  quadratua  /abii  superiarii 
on  the  upper  side  of  the  ellipse. 

8.  8.  8.  8.  Buccinator.  This  importsnt  muscle  consists  of 
a  flat,  thin,  strong  set  of  fibres,  in  contact  with  the  mucous 
membrane,  and  ibrming  a  considerable  portion  of  the  wall  of 
the  mouth  ;  its  fibres  range  from  34°  above  to  34^  below  the 
major  axis,  the  upper  fibres  passing  into  the  upper  lip,  the 
lower  fibres  into  the  lower  lip,  and  the  central  fibres  decus- 
sating, so  as  to  pass,  as  shown  in  the  figure,  into  the  opposite 
lip. 

This  whole  arrangement  gives  a  maximum  of  perpendicular 
force  along  the  major  axis,  at  the  extremity  of  which  the 
curvature  is  greatest.  Its  upperfibres  OP  or  OP,  mark  the 
boundary  of  overlapping  of  the  deep  and  superficial  muscles  on 
the  upper  side  of  the  mouth.  Thus  the  whole  ellipse  may  be 
divided  into  regions  as  follows  : — 

PAF  and  QBQ  counteract  orbicularis  by  one  sheet  of  muBcles  only. 
FQ  and  !*"(/  counteract  orHeuiaris  by  two  sheets  of  muscle. 
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9.  9.  The  canine  muscle  {levator  anguli  oris)  acts  in  a 
manner  different  from  all  the  preceding ;  its  fibres  are  tan- 
gential to  the  ellipse  in  the  neighbourhood  of  the  extremity 
of  the  axis  major,  and  therefore  aid  the  orbicularis  rather 
than  counteract  it.  It  may  be  regarded  as  a  force  in  reserve 
to  lud  the  orbicularis  where  its  curvature  is  greatest,  and 
where  the  most  powerful  apparatus  of  radiate  muscles  is 
placed. 

If  we  examine  the  outer  sheet  of  muscles,  we  find  that 
they  form  a  continuous  radiating  muscle  through  APQ,  with 
one  break  between  the  lower  border  of  the  risoriue  (4)  and 
the  triangularis  oris  (6),  below  the  angle  of  the  mouth  ;  this 
break  is  marked  at/  on  the  figure,  and  is  feebly  supplied 
by  a  few  fibres  of  the  platymia  and  triangularis.  If  we  now 
examine  the  inner  sheet  of  muscles,  we'  find  them  to  form  a 
continuous  sheet  through  BQP  (or  BQP)y  with  the  ex- 
ception of  a  space,  xy\  through  which  the  buccinator  and 
quadratus  labH  inferioris  overlap  each  other,  forming  a  double 
sheet. 

It  is  interesting  to  observe  that  this  space,  ^y,  overlaps 
the  space  jry,  when  the  figure  is  folded  on  its  minor  axis,  so 
that  the  overlapping  of  the  sheets  of  inner  fibres  compensates 
for  the  deficiency  of  the  outer  sheet. 

The  nineteen  muscles  of  the  mouth  are  all  supplied  with 
motor  power  from  the  seventh  pair,  and  their  constantly  varied 
action  produces  the  wonderful  play  of  the  lips,  required 
in  articulation;  as  the  curvature  of  each  portion  of  the  or- 
bicularis changes,  corresponding  changes  miist  take  place 
in  the  action  of  the  radiating  fibres  that  counteract  it,  the 
result  being  an  endless  variety  in  the  expression  of  the  most 
expressive  feature  of  the  face. 

This  consideration  furnishes  an  argument  against  the  use 
of  the  beard,  which  not  only  takes  away  from  its  wearer  the 
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power  of  showing  his  feelings  by  the  play  of  his  lips,  but  also 
confers  upon  him  the  dishonest  advantage  of  concealing  their 
expression  by  means  of  a  barricade  of  red,  black,  or  grey 
bristles. 

The  sphincter  muscles  already  described — viz.,  of  the  iris, 
eye,  and  mouth,  have  a  corresponding  set' of  antagonist  radi- 
ating muscles,  intended  to  open  the  apertures  round  which 
the  sphincters  are  placed  ;  but  there  are  other  sphincters  sur^ 
rounding  apertures,  which  it  is  not  necessary  to  open  by 
muscular  agency.  Such  sphincters  are  the  anal  and  vaginal 
sphincters,  which  close  their  respective  apertures,  and  are 
not  interfered  with  by  any  antagonist  muscles. 

The  anal  sphincter  consists  of  two  distinct  parts ;  an  inter- 
nal part,  composed  of  circular  fibres  of  involuntary  muscle, 
and  an  external  part,  composed  of  elliptical  fibres,  which  are 
under  the  control  of  the  will.  The  fibres  of  the  elliptical 
sphincter  take  origin  from  behind,  in  the  os  cocct/giSf  and  pass- 
ing round  the  anus^  unite  in  front  of  it,  at  the  central  point, 
(tendoperinm)',  from  this  point  again,  in  the  female,  the  fibres 
of  the  vaginal  sphincter  proceed,  opening  out  to  surround  the 
vaginal  orifice  and  vestibule,  and  are  finally  inserted  on  the 
corpora  cavernosa  clitoridis.  The  two  sphincters  thus  form  a 
muscular  sheet,  resembling  the  figure  8,  and  may  act  together 
or  separately. 

The  levator  ani^  which  forms  the  pelvic  diaphragm,  docs 
not  act  as  an  antagonist  to  the  anal  sphincter;  on  the  contrary 
its  action  aids  the  sphincter,  for  those  of  its  fibres  which  blend 
with  the  sphincter  fibres  are  tangential  to  the  curve  of  the 
latter  (like  the  fibres  of  the  canine  muscle  in  the  mouth),  and 
therefore  assist  instead  of  opposing  the  constricting  action  of 
the  sphincter  muscle. 

During  parturition,  the  levator  ani  and  sphincter  ani  co- 
operate to  close  the  aperture  of  the  anus,  so  as  to  allow  the 


ANIMAL  MECHANICS.  209 

abdominal  muscles  to  exert  their  full  force  in  expelling  the 
contents  of  the  uterus  and  vagina. 

Muictiiar  Fibres  forming  curved  Surfaces, 

In  all  the  preceding  cases,  we  have  supposed  the  sheet 
formed  by  the  muscular  fibres  to  form  a  plane,  but  this 
condition  is  rarely  fulfilled  with  mathematical  exactness. 
The  muscular  sheets,  in  general,  form  surfaces  more  or  less 
curved,  and  it  becomes  necessary  to  take  into  consideration 
the  various  curvatures  of  the  several  surfaces  formed  by  the 
sheets  of  the  muscular  fibres. 

Surfaces  are  divisible  into  two  classes — viz.,  those  whose 
curvatures  at  any  point  are  in  the  same  direction,  and  those 
whose  curvatures  at  any  point  have  opposite  directions.  The 
first  class  of  surfaces  may  be  called  convex,  or  ellipsoidal  sur- 
faces ;  the  second  class  may  be  called  skew  surfaces.* 

If  we  imagine  a  convex  surface,  like  an  egg,  uterus,  or 
bladder,  and  at  any  point  taken  on  the  surface  draw  a  line  per- 
pendicular to  it,  and  imagine  a  plane  passing  through  this 
line  to  turn  round  upon  it,  this  plane  in  each  of  its  positions 
will  intersect  the  surface  in  a  certain  curve.  In  the  convex 
surface,  the  curvatures  of  all  these  curves  at  the  point  in  ques- 
tion will  be  all  convex  or  all  concave  together,  in  the  same 
direction. 

If  we  imagine  a  skew  surface,  like  a  saddle,  or  dice  box, 
and  draw  a  perpendicular  to  it  at  any  point,  the  plane  re- 
volving round'this  perpendicular  will  intersect  the  surface  in 
certain  curves,  some  of  which  are  convex,  and  some  concave  ; 
and  the  convex  curves  are  separated  from  the  concave  curves 
by  two  lines  intersecting  upon  the  surface  at  the  given  point ; 

*  This  term  is  here  used  in  a  sense  slightly  different  from  its  meaning  when 
employed  by  geometers. 

P 
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60  that  the  surface  possesses  a  convex  curvature  in  one  of 
the  regions  formed  by  those  intersecting  lines,  and  possesses 
a  concave  curvature  in  the  other  region.  In  the  direction  of 
the  intersecting  lines  themselves,  the  surface  has  no  curvature 
at  all,  for  these  lines  divide  the  convex  from  the  concave 
portion  of  the  surface. 

The  lines  drawn  upon  skew  surfaces,  along  which  the 
surface  is  not  curved,  may  become  right  lines,  and,  as  die 
surface  itself  is  the  aggregate  of  all  the  lines  composing  it, 
we  may  have  a  skew  curved  surface  composed  altogether  of 
rectilinear  fibres.  This  case  frequently  occurs  in  animal  me- 
chanics, the  rectilinear  generators  being  the  actual  fibres  of 
the  muscles. 

As  the  ellipsoidal  muscles  are  more  easily  understood  than 
the  skew  muscles  (notwithstanding  that  they  are  composed 
altogether  of  curved  and  not  rectilinear  fibres),  I  shall  com- 
mence my  description  of  curved  muscular  surfaces,  with  diat 
of  ellipsoidal  muscles,  and  proceed  afterwards  to  show  the 
properties  of  skew  muscles. 

tJllipscndal  Muscles. — If  a  tangent  plane  be  drawn  at  any 
point  of  a  convex  or  ellipsoidal  surface,  it  will  touch  the  sur- 
face in  one  point  only ;  and  if  a  plane  be  drawn  parallel  to  the 
tangent  plane  and  very  close  to  it,  so  as  to  intersect  the  sur- 
face, this  plane  will  cut  the  surface  in  an  ellipse,  or  circle, 
according  as  the  principal  curvatures  at  the  point  in  question 
are  unequal  or  equal.  If  tangent  planes  be  now  drawn  to  the 
surface  along  the  elliptic  curve  of  intersection,  they  will  form 
a  tangent  cone  to  the  surface,  and  this  cone  will  be  a  circular 
or  elliptic  cone,  according  as  the  curve  of  intersection  is  a 
circle  or  ellipse.* 

*  The  cunre  of  interaectioii  with  a  surface  made  bj  a  plane  rerj  near  and 
parallel  to  a  tangent  plane  is  called  by  geometers  the  indicatrix  curre. 
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In  the  simpleat  case  of  ellipsoidal  muscles,  that  in  which 
the  curvature  at  a  given  point  coincides  with  that  of  a  certain 
sphere,  let  0  be  the  vertex  of  the  tangent  cone,  Fig.  48,  OT, 
OT  bemg  udes  of  the  cone  touching  ^e  surface  at  t,  t. 

Let  C  bo  the  centre  of  the  circular  iraUcatrix,  txyt,  and 
join  OC.  This  joining  line  pierces  the  surface  at  the  point  8, 
at  which  point,  a  tangent  plane  would  be  parallel  to  the  plane 


Fig.4S. 

of  the  indicatrije ;  and  it  can  be  shown,  as  in  the  case  of  the 
(drcle  p.  198,  that  the  line  OC  is  bisected  at  the  point  S,  be- 
cause 0  is  indcBnitely  near  the  surface. 

Let  the  surface  now  be  supposed  to  be  composed  of  mus- 
cular fibres,  and  to  contain  a  fluid  reacting  perpendicularly 
to  the  surface,  it  is  required  to  determine  the  conditions  of 
eqmlibrium.  Let  P  denote  the  force  acting  perpendicularly 
on  the  unit  surface,  and  let  T  denote  the  tangential  struiit 
caused  by  the  muscular  contraction,  acdng  along  the  side  of  the 
tangent  cone,  upon  the  unit  of  length  of  the  indicatrix.  It  ia 
necessary  and  su£Scient  for  equilibrium,  that  the  perpendicular 
pressure  upon  any  element  xyC,  of  the  indicatrix,  shall  equi- 
librate the  co'rresponding  muscular  strain  acting  in  the  clement 
1*2 
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of  the  tangent  cone  xyO.  Let  z  be  the  centre  of  the  circle 
Sx  or  8y^  and  p  its  radius.  Since  0  is  very  near  the  surface, 
Oy  and  Cy  are  to  be  considered  equal ;  let  each  of  them  be 
called  a. 

The  perpendicular  pressure  acting  on  the  element  Cxy  is 

where  dd  is  the  angle  xCy\  and  the  tangential  strain  in  the 
element  of  the  cone  is 

T  X  add. 

This  must  be  resolved  along  the  line  OR^  and  equated  to  the 
perpendicular  pressure.    This  gives  us 

Tx  ode  X  cos  (yOR), 
or 

Tx  addx^. 
P 

Equating  this  expression  to  the' perpendicular  pressure,  we 
find  that  c?d6  goes  out,  and  leaves  us  the  equation 

This  is  the  well  known  equation  which  is  used  by  architects 
in  the  problem  of  the  equilibrium  of  a  spherical  dome. 

When  the  surface  has  a  spherical  curvature  at  any  point, 
as  in  the  preceding  case,  the  tangential  strain  T,  is  the  same 
in  every  azimuth  at  each  point ;  but  when  the  curvature, 
becomes  ellipsoidal,  and  the  indicatrix  is  an  ellipse,  the  tan- 
gential strain  T  is  different  in  different  azimuths,  while  the 
perpendicular  pressure  P  remains  constant. 

Let  us  now  examine  the  general  case. 

Let  8  (Fig.  49)  be  the  point  of  the  ellipsoidal  surface  in 
question ;  and  let  txyt  be  the  indicatrix  ellipse  formed  by  a 
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plane  parallel  to  the  tangent  plane  at  5 ;  and  let  Otxyt  be  the 
tangent  cone  drawn  to  the  surface  along  the   indicatria.     It 


»*     *»     I  * 


Fig.  49. 

can  be  shown  as  before,  that  OS  is  equal  to  C.     Let  the 
following  notation  be  used. 


P 
T 

a 
b 

C   ' 

r  « 


>  perpendicular  pressure  acting  on  the  unit  of  surface, 
tangential  strain  acting  on  the  unit  of  length. 
Ct  a  semiaxis  major  of  indicatrUe, 
Ca^  semiaxis  minor  o{  indicatrix. 
CS«  SO. 
CXf  Cy,  =  radius  vector  of  indicalrix  at  any  point. 


Let  xy  be  any  element  of  the  tndicatrix,  and  produce  the 
tangent  xtfz  to  meet  a  perpendicular  Oz,  let  fall  upon  it  from 
the  vertex  of  the  cone ;  and  draw  Cz.  The  lines  Oz  and  Cz 
are  both  perpendicular  to  the  tangent  to  the  indicatrix^  and 
are  to  be  considered  equal  to  each  other,  because  the  point  0 
18  very  near  the  surface.  Let  the  element  xy  be  called  ds^ 
and  let  Oz  or  Cz  be  called  p.  It  is  necessary  and  sufficient 
for  equilibrium  that  the  pressure  P  acting  upon  the  elemen- 
tary triangle  Cxy^  shall  be  equilibrated  by  the  vertical  com- 
ponent of  the  tangential  strain  acting  on  the  element  ,ry. 


2U 


lite  pcrpeiuficalflr  piuwue  .ictmg  on  the  demenUry 

Tbe  taiig«itzal  stnin  on  die  dement  jiy,  is  perpendicular 

to  this  element,  and  peralM  to  Ozj  md  its  Tertical  component 

is 

TJU  »cos(C02); 

but 

coi(CQr)-^. 

where  p  is  the  radios  of  cnrrBtore  of  the  section  of  the  surface 
made  by  the  pUne  OzC, 
Hence,  finally, 

9 


or 


P* 


iT 


(36) 

In  using  this  equa- 
tion it  must  be  con- 
stantly borne  in  mind 
that  p  is  the  ra- 
dius of  curvature  of 
the  section  passing 
through  the  perpen- 
dicular let  fall  on 
the  tangent  to  the 
indicatrix^  and  not 
that  of  the  section 
passing  through  the 
radius  vector. 

Lef   xt&y,    Fig. 
50,    represent     this 
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section,  and  wzStw  the  circle  of  curvature  at  the  point  S^ 
having  its  centre  at  R ;  then 

e^OS^SC 
pm  zO  ^zC 
Q^  Rz  ^  EC. 

In  the  right  angled  triangle  RsO,  we  have 

{zOf^ROx  CO; 
or 

/i»=2cp.  (37) 

Since  2c,  the  height  of  the  vertex  of  the  tangent  cone,  is  the 
same  for  all  points  of  the  indicairix^  we  see  that 

and  since  Cbecause  P  is  constant),  by  equation  (36)  T  varies 
as  p,  it  must  vary  as  j^.  Hence,  we  have  the  following 
elegant  theorem. 


* -.P 


Fig-  5  «• 

Let  Fig.  51  represent  the  tWtca^ru- ellipse  at  any  p^^mt 
of  a  convex  surface ;  let  C  be  its  centre,  and  CRj  CP,  the 
radius  vector  and  perpendicular  on  tangent  at  any  point.  The 
surface  forms  an  elliptic  dome,  of  very  small  height,  standing 
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It  ^  h'jmvzm»*ii  pic.T'Br.itfflT  ixi  problems  in  Animal 
1tg^y:yit-> -."»  i:  -iiM;  iL-e  Sreui  iiRHfacffl  of  the  muscular  wall, 
^raijZ'ut  T*r^tri  i-:  h»  TuiaiSan  a«  the  amnnth  Taiies ;  and  for 
iLli  yaiyjyt^  we  's.-zsa  lue  the  mean  of  all  the  tensions  in 
ererr  pofi£bje  kziz.'c'A, 

The  U:::;&1^  sn*^  as  each  point  of  the  indicatrix  is  Icb, 
a/.ting  pariJlel  to  the  line  O^z,  Fig.  49,  and  perpendicular  to 
xy,    Tlie  co!n}>oneDt  of  this  tension,  in  the  direction  06*,  ia 

7"'/'  cos  {zOC)  =  Tci*  X  ^ ; 

P 

but,  by  equation  (37) 

p        2C 

and  lienoc,  the  tensile  force  acting  on  the  element  sy^  in  the 
Vertical  direction  OC,  becomes 

Jas  X  — 
P 

We  inuKt  now  regard  7*  as  a  constant,  having  the  mean 
value  of  the  tensions  taken  in  every  azimuth,  and  integrate 
tlu*  i'orogoing  expression  all  round  the  ellipse. 
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To  do  this  wc  must  find  the  value  of 


ds 
P 

in  an  ellipse. 

Assume 

:r  «  a  sin  ^ 
y  ^  b  cos  ^, 

then 

d8» 

'  d^  y/a*  cos  *^  +  6'  sin  •^ 

P  - 

ab 

Va^  cos  '^  +  b^  sin  '^' 

P  ° 

(a'  cos  ^^  +  b'^  sin  »^)  £2^ 

a^ 

The  integral  of  this  expression  taken  all  round  the  ellipse 
is 


and 


or  finallv 


(il8^     a"  +  b^ 
Jp  ab     * 

„rji..„..r(2i.^), 

26- T—  =7ra6x  rf--  +  —  L 
jp  \P\       P2j 


where  pi  and  p-g  are  the  radii  of  curvature  of  the  surface 
along  the  axes  of  the  ellipse. 

The  vertical  component  of  all  the  elementary  tensions, 
just  found,  must  be  now  equated  to  the  sum  of  all  the  perpen- 
dicular pressures  acting  on  the  indicatrix^  which  is 

P  X  WfHh  =  P  X  irah. 
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Hence  we  obtain 

P  X  wab  «  irab  x  T 
or 

P=  T 


(-  *  -)■ 


Vpi    p«/ 


which  is  Lagrange*8  theorem,  already  employed  at  page  152. 

The  first  example  of  ellipsoidal  muscles  that  I  shall  dis- 
cuss is  the  case  of  the  abdominal  muscles,  already  considered 
in  a  general  way  in  treating  (p.  151)  of  the  muscular  force 
employed  in  parturition.  The  principal  curvatures  of  the 
abdomen  at  the  navel  (p.  161)  were  shown  to  correspond  to 
circles  of  curvature  of  22.7  in.  and  12.6  in.  diameter  respec- 
tively ;  and  the  tensile  strain  in  the  walls  of  the  abdomen  is 
produced  by  the  simultaneous  action  of  the  eight  abdominal 
sheets  of  muscle.  According  to  the  theory  just  developed, 
the  tensile  strains  produced  by  all  the  muscles  in  the  vertical 
and  transverse  directions  at  the  navel,  should  be  in  the  pro- 
portion of  the  diameters  of  curvature  in  the  same  directions ; 
and  the  axes  of  the  indicatria  ellipse  at  the  navel  should  be  in 
the  proportion  of  the  square  roots  of  those  diameters. 

A  severe  test  may  thus  be  applied  to  the  theory,  and  to 
the  measurements  of  the  forces  produced  by  the  abdominal 
muscles.  For  the  purpose  of  applying  this  test  I  shall  make 
use  of  the  muscles  of  subject  No.  2  (female),  p.  160,  the 
measurements  of  whom  corresponded  nearly  with  the  mean  of 
all. 

The  four  muscles  at  each  side  of  the  central  line  have  the 
following  mean  thickness :  — 

1.  Rectus  abdominis ,      ....  0.29  inches. 

2.  ObliquHS  externusj    .     .     .     .  0.25      „ 

3.  Obliqiius  iniernu^^      .  .     .  0.17      ,» 

4.  Trans  re  rsaliSf 0.15     „ 
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or  these  muscles,  the  rectus  abdominU  produces  a  tensile 
etrain  altogether  in  the  vertical  direction,  and  the  tranrverea- 
Ha  causes  a  tension  in  the  horizontal  direction  only.  These 
two  tenaions  are  nearly  in  the  proportion  of  a  to  i ,  which  ap- 
proximates the  ratio  of  the  diameters  of  curvature.  If  there- 
fore these  muscles,  alone,  were  in  action,  the  theory  would 
be  fully  vindicated.  The  ofr/i^M  muscles,  however,  produce, 
each  of  them,  a  vertical  and  horizontal  component  strain  at 
the  navel,  which  must  be  added  to  the  former,  to  determine 
the  total  Btnin  acting  in  the  walls  of  the  abdomen  in  those 
directionfl.  Let  us  now  proceed  to  calculate  these  compo- 
nents, sod  test  the  entire  thi  ory. 

Let  0,  .£(Fig.  5a),  re- 
present the  obliquui  externw 
muscle,  and  8NP  the  Imea 
alba,  S  denoting  Uie  end  of 
the  sternum,  N  the  navel, 
and  P  the  pubes ; — II.  being 
the  crest  of  the  ilium.  The 
line  AB  represents  the  inner 
limit  of  the  muscular  Rbres, 
where  they  become  inserted 
into  the  fascial  sheet  enclos- 
ing the  rtetua  abdominis. 
The  fibres  of  the  external 
oblique  muscle  are  approx- 
imately parallel  to  each 
other,  and  constitute  t^  pris- 
matic muscle  spread  in  a 
sheet  over  a  convex  sur- 
face,— and  the  prolonga- 
tions of  its  fibres  to  the  ^'S-  S>' 
linea  alba  make  angles  of  35"  with  that  line.     Each  of  the 
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muscular  fibres,  when  combined  with  the  corresponding  fibre 
of  the  other  side,  produces  a  vertical  strain  acting  from  P  to- 
wards S^  and  a  horizontal  strain  which  is  equilibrated  by  the 
equal  and  opposite  strain  on  the  other  side  of  the  abdomen ; — 
and  there  is  a  remarkable  difference  between  these  two  tensile 
strains,  for  the  transverse  strain  is  constant  along  the  entire 
linea  alba,  while  the  vertical  strun  is  greatest  at  P,  and  di- 
minishes from  P  to  8.  Take,  for  example,  the  fibres  JVX, 
passing  through  the  navel ;  the  muscular  fibres  between  NX 
and  J?,  produce  along  the  line  PN  vertical  components  acting 
towards  N^  and  consequently  they  produce  no  strain  whatever 
at  the  point  N\  on  the  contrary,  the  fibres  lying  between 
NX  and  A^  all  combine  to  produce  a  vertical  strain  at  N^ 
acting  towards  the  point  8.  It  is  therefore  evident  that  the 
vertical  strain  on  the  linea  alba  caused  by  the  external  oblique 
muscle,  increases  from  8  to  P,  and  varies  in  the  proportion 
of  the  distance  of  the  point  considered  from  8.  The  compo- 
nents of  the  external  oblique  muscle,  acting  upon  a  linear  inch 
at  the  navel,  may  now  be  calculated. 

Draw  the  line  NX,  and  let  fall  the  perpendicular  AK 
upon  it.  li  t  be  the  thickness  of  the  muscle,  and  ^  the  angle 
XNSj  we  have  for  the  vertical  component, 

F"  AK  X  i  X  2  cos  ^  ; 

and  for  the  horizontal  component, 

H  =  AK  X  <  X  sin  0. 

In  order  to  find  the  vertical  tensile  strain,  on  a  linear  inch, 
we  must  take  account  of  the  width  of  the  recti  abdominia 
muscles,  for  as  the  fibres  terminate  in  the  line  ABy  at  the  outer 
border  of  the  recti  muscles,  their  vertical  component  is  to  be  re- 
garded as  distributed  along  the  entire  breadth  of  those  muscles. 
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HencOy  if  u^  denote  the  width  of  the  recti  muscles,  and  p  the 
length  of  AK,  the  vertical  component  per  linear  inch  will  be 

F»  jt>  X  t  X  2  cos  ^  .     . 

The  horizontal  strain  corresponding  to  a  linear  inch  of  the 
linea  alba  will  not,  of  course,  be  the  strain  corresponding  to  a 
width  {AK)  of  muscle,  but  is  produced  by  a  width  equal  to 
nn  f ;  substituting  this  width  for  AK^  we  find 

H^t  X  sin  •^.  (39) 

I  findy  by  careful  measurements,  the  following  values  to 
be  substituted  in  the  foregoing  expression! 

AK"  4.25  in. 
^-0.25  „ 

♦  «     35^ 
IT-  5,41  in. 

Hence  we  obtain,  finally, 

F«  4.25  X  0,25  X  2  cos  35 
MI 

JJ-  0.25  X  sin*  35®  B  0.082. 

The  internal  oblique  muscle  is  shown  in  Fig.  (53),  where 
P,  Nj  ILy  denote  the  pubes,  navel,  and  crest  of  ilium,  and 
AB  the  insertion  of  the  muscle  into  the  outer  border  of  the 
rectus  sheath.  The  internal  oblique  muscle  is  not  prismatic, 
but  quadrilateral,  and  its  action  is  more  complicated  than  that 
of  the  external  oblique.  The  upper  fibres  give  a  vertical  com- 
ponent which  draws  the  linea  alba^  downwards,  towards  the 


o 

-«  0.321 
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navel,  and  the  lower  fibres  give  a  vertical  compoDOit  which 
drswa  the  linea  alba,  upwards,  towards  the  navel ;  faencci 
neither  sets  of  fibres 
can  produce  any  tennle 
strain  at  the  navel  itself. 
The  only  portion  of  the 
muscle  that  caoses  t 
vertical  tension  at  the 
navel,  is  the  pordoB 
contained  between  the 
horizontal  fibres  X  Y 
and  the  line  NX,  which 
is  the  direction  of  the 
fibres  passing  throogh 
the  navel  itself.  This 
portion  of  the  musde, 
and  the  correspon<ting 
portion  of  the  similar 
muscle,  at  the  other 
side,  will  behave  as  a  tri- 
angular muscle,  whose 
resultant  ZX  bisects  the 
angle  NXY,  and  is  equal  to  (p.  i8i) 

a  /  ain  9, 

where  d  denotes  half  the  angle  NXY,  and /denotes  the  cross 
section  of  the  muscle.  Hence  the  vertical  resultant  of  tho  in- 
ternal oblique  muscle  at  both  sides  is 

2 /sin  0  X  a  cos  0, 

where  ^  denotes  the  angle  made  with  the  linca  alba  by  the 
line  ZX,  and  is  the  complement  of  0.  I'his  resultant  must  be 
divided  by  the  total  width  of  the  recti  muscles,  in  order  to  find 
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the  strain  per  linear  inch,  as  in  the  case  of  the  external  oblique' 
Hence  we  find,  finaUy, 

j^    2/ sin  9x2  cos  A      2/  versin  lO 

r  = " — .  (40) 

to  to  ^^  ^ 

In  this  equation,  /is  equal  to  the  product  of  the  cross  section 
of  the  muscle,  multiplied  by  its  width  enclosed  between  the 
lines  NX  and  XT. 

Cross  section  of  internal  obUque  »  0.17  in. 
Width  of  do., -2.97,, 

e-po*'-* =  13^ 

Width  of  rec^  muscles,   .     .     .  a  j.41  in. 

Hence  we  have 

TT    a  X  0.17  X  2.07  X  versin  26® 

5.41  ^ 

The  transverse  strain  produced  at  the  navel  by  the  inter- 
nal oblique  muscle,  depends  on  the  direction  of  the  fibres  in 
its  neighbourhood  only,  and  is  found  by  the  same  formula  as 
the  transverse  strain  of  the  external  oblique  muscle,  viz. — 

JJ»  (  X  sin  '^,  (41) 

which  gives  us,  for  the  transverse  strain,  per  linear  inch  at 
the  navel, 

-ff  =  0.17  X  sin  '64®  =  0.137. 

Adding  together  the  vertical  and  transverse  tensile  strains 
produced  by  all  the  muscles  at  the  navel,  we  find — 

Vertical  Tension  due  to  Abdominal  Muscles. 

Rectus  abdominis^ 0.290 

Obliquus  extemust 0.321 

Obliquus  intemus^ 0.019 

Transversalisy 0.000 

0.630 
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Transverse  Tetmon  due  to  Abdominal  Muscles, 

Beetus  abdominis^ o.ooo 

Obliquus  externum 0.082 

ObHquus  intemuSj c.137 

TransversaUsy 0.150 

o.3e9 

From  the  preceding  resuItSi  it  follows  that  the  transyerse 
strain  at  the  navel  is  58.57  per  cent,  of  the  longitudinal 
strain — 

Transverse  strain       360  x  100        „    -  4. 
— ^^ _  a  i-Z s  58.57  per  cent. 

Longitudinal  strain  630 

At  p.  161  y  I  have  given  the  measurements  of  the  abdomi- 
nal curvatures  of  three  young  men,  when  the  abdomen  was 
distended  to  its  utmost  extent.  From  the  mean  of  all  three 
we  obtain,  in  the  case  of  young  men,  the  result  that  the  dia- 
meter of  the  transverse  circle  of  curvature  is  55.58  per  cent 
of  the  diameter  of  the  longitudinal  circle  of  curvature — 

Transverse  diameter       12633  x  100 
Longitudinal  diameter  22727  55-57  r 

As  it  was  desirable  to  ascertain  the  amount  of  curvature 
of  the  abdomen,  at  the  time  when  its  muscles  are  used  in  the 
act  of  parturition,  I  obtained  the  following  measurements  of 
five  healthy  women,  taken  at  the  commencement  of  labour. 
I  instructed  the  head  midwife  of  Sir  Patrick  Dun*s  Hospital 
Maternity  to  measure  for  me,  with  tape,  the  following  quan- 
tities : — 

1.  Height  of  woman. 

2.  Girth  transversely  round  navel. 

3.  Length  of  curved  arc  from  the  end  of  the  sternum  to 
the  top  of  the  symphysis  pubis. 
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In  well  Tormed  skeletons  the  distance  from  the  top  of  the 
symphysis  to  the  end  of  the  sternum  is  ^f  ths  of  the  height  of 
the  body,  so  that  from  the  measurement  of  the  height,  I 
could  find  the  length  of  the  chord  of  the  longitudinal  arc* 
whose  length  was  measured  directly. 

If  0  denote  half  the  arc  subtended  by  this  chord,  we  have 
the  following  equations,  to  determine  pi  and  p^  the  radii  of 
lonptudinal  and  transverse  curvatures : 


(«) 


chord  - 

I? 
67 

height 

arc 

0 
sin  0 

chord 

chord 
Bin  0 

'  2pi 

girth 

<»**_ 

The  measurements  made  were  the  following : — 


Parturient  Women. 


ii^ 


(c) 


('O 


Hdglik 

Lonffitadlntl 
Are. 

1 

InUlBltltS 

GlrttL 

Ko.  I. 

60   in. 

16.8  in. 

39-3  in- 

No.  a. 

63.6  „ 

»9-o  »» 

3i-a   .. 

No.  3. 

6«-5  » 

16.8  ., 

44.3   »      1 

No.  4. 

59-8  .1 

'5-7  „ 

46-a    .« 

No.  5. 

• 

u    .      ■          ■        ■ 

69.9  „ 

ai.8  „ 

39-^   u 

From  these  data,  the  following  table  was  calculated  by  means 
of  the  foregoing  equations: — 

Q 


M 
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Parturient  Women. 


No. 


I. 

2. 

3- 


Chord. 


15.23  in. 


'5-«7 


>f 


'773  .. 


Semlangle 


43'4»' 


55-48' 
37-36' 
a6*oo' 
62"a4' 


DiamHsr  of 

IiNUCitndlnal 

CurratBre 


33.03  ^' 


19.50 


»» 


34.^       M 
20.01        „ 


Dteneterof 
trmntrcnie 
CnrvBtnro 


12.51  IIU 


Ratio  nrCiir?»- 


9-93 


ft 


14.10    „ 

'4.71     „ 
12.63    „ 


100  x^ 
Pi 


56.8 
50.9 

553 

57.6 

63.. 


Mean      5e.74  per  cent.  | 


The  mean  of  the  ratios  in  the  last  column  gives  us,  for 
parturient  women, 

Transverse  diameter 
Longitudinal  diameter  "  ^  *'     ^ 

This  ratio  agrees  very  well  with  the  55.57  per  cent.,  found 
from  the  measurement  of  the  abdominal  curvatures  in  young 
men,  and  they  both  agree  with  the  corresponding  proportion 
of  transverse  and  longitudinal  tensile  strains  (58.57  per  cent.), 
deduced  by  calculation,  frqm  the  dissection  of  a  healthy  young 
woman,,  who  had  borne  several  children. 

If  we  compare  together  the  mean  curvatures  of  the  several 
cases,  we  shall  find,  as  we  might  expect,  a  considerable  differ- 
ence depending  on  height  and  general  configuration  of  body. 
But  it  is  worthy  of  remark,  that  the  mean  value  of  all  the 
curvatures  differs  very  little  from  the  mean  maximum  curva- 
ture of  the  abdomen,  voluntarily  distended : — 
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Mean  CurvcUure  of  Abdomen  in  Parturiini  Women, 


No. 


i    Longitudinal 
Diameter  =  2pi 


I. 


22.03  in. 


a.        <9-5o    »» 

4         34-^    i» 
20.01    „ 


Transrene  Dia- 
meter =  2pk 


12.51  in. 

9-93    » 
14.10    „ 

'4^7'    M 
«a-^3    »> 


Mean  Cnnra- 
tnre  =  -  +  — 

P\      Pa 


1  _ 

L_ 


4  &40 


&*ie  I 
i._ 

S§7« 


Mean 


4*1738 


This  mean  curvature  differs  little  from  the  mean  curvature 
of  the  voluntarily  distended  abdomen  of  young  men — ^viz. : 

^^,  given  in  p.  162. 

We  can  calculate,  from  the  vertical  and  transverse  ten- 
sions of  the  abdominal  muscles  at  the  navel,  given  in  p  223-4, 
and  from  the  curvatures  just  given,  the  perpendicular  prcs- 
■ore  per  square  inch,  caused  by  the  action  of  those  mus- 
cles, in  each  of  the  preceding  cases.  For,  by  equation  (36), 
we  have 


P 

which  becomes,  on  adding  50  per  cent,  to  the  measurement 
of  the  dead  muscles, 

p     4  ^  0-945 
for  the  longitudinal  strains ;  and 


P  = 


4  X  0553 
Q  2 
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for  the  transverse  strains.     Substituting  in  succession,  the 
values  of  ipi  and  2p„  we  obtain — 

Pressure  producible  by  Abdominal  Muscles  acting  at  navel, 

in  Parturient  Women. 


Deduced  from  I/mgl- 
todtiuU  Carratare. 

Dedneed  ttom  Tnui»> 
Tene  Currstue. 

1 

No.  1. 

17.59  lbs.  I^sq  in- 

18.13  ^^*  ^  ^-  in. 

No.  2. 

i9.»»       M 

a>-84      ft 

No.  3. 

'5«9      M          ,» 

16.09       M           n 

!     No.  4. 

1 

11.20      „          „ 

>5-4>       M          ft      I 

1 

No.  5. 

1 

"9  37       M 

'7-96       «          »f 

Mean 

16.646  lbs. 

1 

18.0881bs. 

These  pressures  are  produced  by  the  abdominal  muscles,  act- 
ing at  the  navel,  under  the  conditions  of  curvature,  proper  to 
each  case  ;  and  are  only  about  half  as  great  as  the  pressure  at 
navel,  obtained  by  direct  experiment  (page  163) ;  but  they 
do  not  represent  the  maximum  pressures  producible  by  the 
abdominal  muscles.  In  order  to  show  this,  let  us  calculate 
the  tensile  strains  produced  at  each  point  of  the  linea  alba. 

The  longitudinal  and  transverse  strains,  produced  by  the 
recti  and  (ransversalis  muscles,  are  constant  at  each  point  of 
the  linea  alba ;  but  this  is  not  the  case  with  the  oblique  mus- 
cles. The  vertical  and  horizontal  strains  of  the  external  obliqite 
are,  as  shown  by  equations  (38)  and  (39), 

,r       2t  cos  6 

K  = ^  X  p 

II  -  t  sin  '^. 

In  these  equations,  everything  is  constant  except/),  the  per- 
pendicular thickness  of  the  portion  of  the  external  oblique 
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above  the  point  of  the  linea  alba  under  consideration.  The 
value  of />,  at  the  navel,  is  4.25  in.  (p.  221),  and  it  increases 
as  we  go  downwards  towards  the  pubes,  where  it  becomes 
8. 1 1  inches.  While,  therefore,  the  horizontal  component  of 
the  external  oblique  is  everywhere  the  same,  its  vertical  com- 
ponent reaches  a  maximum  just  above  the  pubes. 
This  maximum  is  represented  by 

8.1 1  X0.2C  X  2  cos  2C*^         , 

^ ^^-  s  0614 

5.41 

The  vertical  and  transverse  strains  produced  by  the  inter- 
nal obUqfief  are  both  variable,  as  shown  by  equations  (40) 
and  (41) — 

y-r    2/ver8in  2O 

w 
H  =  t  sin  •^. 

Ic  these  equations,  /,  0,  and  ^  are  all  variable,  and  in  the  fol- 
lowing manner : — Let  the  point  be  taken  on  the  linea  alba 
(about  half  way  between  the  navel  and  the  pubes),  where  the 
fibres  of  the  muscle  become  horizontal.  At  this  point  there  is 
no  vertical  strain,  and  the  horizontal  strain  is  a  maximum,  be- 
cause f  becomes  a  right  angle  ;  the  transverse  strain  at  other 
point?  varies  as  the  square  of  sin  ^,  but  is  always  less  than  at 
the  point  named.  With  respect  to  the  vertical  strain  kt  any 
point,  it. is  thus  found  :  26  »  90^  -  ^  is  the  angle  made  with 
the  horizontal  line,  by  the  fibres  passing  towards  the  point, 
and/ varies,  as  the  base  of  the  triangular  muscle  formed  by 
these  fibres  and  the  horizontal  fibres.  Now,  it  is  evident  that 
the  versine  of  20  and  the  base  of  the  triangular  muscle  both 
increase  as  we  pass  along  the  linea  alba,  in  either  direction, 
above  or  below  the  central  point  between  the  navel  and  pubes, 
where  the  whole  action  of  the  internal  oblique  is  transverse ; 
sc  that  the  vertical  strain  produced  by  this  muscle  has  two 
maxima,  one  near  the  pubes,  and  the  other  near  the  stcr- 
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num.     The  measurements  for  these  two  points  are. 

At  pubes.  28  =  65®/=  3.1a  X  0.17, 
At  sternum,  2O  =  4S'/"  7-i^  ^  0.17. 

Hence,  we  find  the  vertical  strain  producible  at  the  stemam, 
by  the  internal  oblique  muscle,  to  be 

2  X  7.16  X  0.17  X  versin  4c'' 

^-L -L >-  -  0.135. 

and  the  vertical  strain,  producible  at  the  pubes,  by  the  same 
muscle, 

2x'Ji2xo.i7x  versin  6c® 

^ ^«  0.112. 

C.41 

Let  us  now  add  together  the  vertical  strains  at  the  point 
in  the  linca  alba,  just  above  the  pubes,  and  we  shall  find, 

Rectus  abdominiss 0.290 

Obliquua  exiemuiy 0.614 

Obliquxis  intemus^ 0113 

IVaiiBveraaHB^ 0.000 

1.017 

We  have  seeathat  the  vertical  tension,  producible  by  the 
muscles  acting  at  the  navel,  was  represented  by  0.630  only ;  so 
that  in  order  to  calculate  the  maximum  hydrostatical  pressure, 
producible  inside  the  abdomen  by  the  abdominal  muscles 
acting  to  the  greatest  advantage,  we  should  increase  the  niim- 
bers  given  in  the  table,  page  228,  in  the  proportion  of  1 01 7 
to  630. 

If  we  take  the  largest  number  in  the  table,  corresponding 

to  No.  2,  we  have 

maximum  pressure  _        1017        ^oii_ 

inside  abdomen     =  "'^4  x    ^-  =  3^-87  lbs.  per  sq.  m. 

This  result  agrees  well  with  that  given,  from  direct  experi- 
ment (p.  163),  as  the  maximum  expulsive  force  of  the  ab- 
Gomina!  muscles — viz  38.47  lbs. 
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It  is  interesting  to  observe  that  the  tension  in  the  vertical 
direction  produced  by  the  external  oblique  muscle,  varies  as 
the  distance  of  the  point  of  the  linea  alba  under  consideration 
from  the  sternum,  which  is  precisely  the  law  according  to 
which  the  pressure  of  the  contents  of  the  abdomen,  regarded 
as  semi-fluid,  would  vary;  viz.,  as  the  depth  of  the  fluid 
measured  from  its  surface. 

The  Diaphragm^  which  forms  the  upper  surface  of  the 
abdominal  cavity,  furnishes  an  example  of  a  convex  ellip- 
soidal muscle ;  it  is  used  continually  in  respiration,  and 
occasionally  in  the  expulsion  of  the  contents  of  the  abdomen. 
Its  force  is  considerable,  although  not  equal  to  the  maximum 
effort  of  the  abdominal  muscles ;  and  being  an  involuntary 
muscle  not  under  our  control,  when  it  provokes  the  abdominal 
muscles  to  take  on  a  violent  reflex  action,  as  in  coughing,  its 
effects  are  sometimes  dangerous,  as,  for  example,  in  cases  of 
hernia.  It  is,  therefore,  important,  not  merely  in  a  scientific 
but  also  in  a  practical  point  of  view,  to  know  the  amount  of 
hydrostatical  pressure  it  is  capable  of  producing  upon  the 
contents  of  the  abdomen. 

From  measurements  made  by  me,  I  infer  that  the  mean 
curvatures  of  the  diaphragm,  when  most  convex,  correspond 
with  circles  of  5.601  inches,  and  5.109  inches  in  diameter 
at  the  two  sides  of  the  body,  and  that  the  mean  thickness  oi' 
its  muscular  walls  is  0.18  in.  Adding  50  per  cent,  to  the 
latter  measurement  as  before,  and  taking  the  mean  diameter 
of  curvature,  we  obtain  from  equation  (36) 

and  from  the  coefficient  of  muscular  force  (p.  69), 

Kb  102.55  lbs. 

„         4x0.27    X    102.55  AO    11 

F  = ■-  ^^  «  20.68  lbs.  per  so.  m. 

5-355  *        ^ 
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This  leault  is  comparable  with  the  expulsive  force  of  the  ab- 
domitiBl  musclei  aoting  at  the  navel,  although  inferior  to 
theii  maximum  force  exerted  near  the  pubeB, 

Muscular  Skew  Surfaca. 
The  last  and  moat  complex  muscular  surfaces  to  be  con- 
sidered  are   those    correepondrng   with    skew    soifaoes    in 
geometry.     The  simplest  form  of  skew  muscle  occurring  in 
nature  is  that  shown  in  fig.  54,  where  AS  and  A'ff  are  two 


bones  not  lying  in  the  aame  plane,  and  each  divided  into  SB 
equal  number  of  parta,  auch  that  the  anhaitnonte  ratio  of  any 
four  points  on  one  bone  is  equal  to  the  anharmmic  ratio  of  the 


ANIMAL  MECHANICS. 


233 


four  corresponding  points  on  the  other  bone ;  and  the  corre- 
sponding points  on  the  two  bones  are  supposed  to  be  joined 
by  straight  muscular  fibres  capable  of  contraction. 

The  surface  formed  by  these  muscular  fibres  is  a  skew 
surface,  of  a  simple  kind,  called  the  Hyperboloid  of  one  sheet. 
It  may  be  regarded  as  formed  from  the  Q^adrilateral  muscle, 
p.  1959  by  placing  the  origin  and  insertion  of  the  muscular 
fibres  AB  and  A'B\  in  different  planes,  so  as  to  form  a  skew 
quadrilateral  instead  of  a  plane  quadrilateral. 

A  skew  surface,  of  which  the  Hyperboloid  of  one  slieet  is 
one  of  the  simplest  examples,  may  be  readily  imagined  from 
the  shape  of  a  saddle ;  and  at  each  point  it  possesses  curvatures 
which  are  not  all  in  one  direction,  as  in  the  convex  or  ellip- 
soidal surface.  If  a  tangent  plane  be  drawn  to  the  skew 
8ur£EU^  at  any  point,  this  plane,  instead  of  touching  the  sur- 
face at  a  single  point,  will  cut  the  surface  along  two  inter- 
secting right  lines,  which  divide  the  surface  at  the  point  of 
contact  into  two  regions,  in  one  of  which  the  curvatures  are 
convex,  and  in  the  other  concave,  while  along  the  right  line 
themselves,  as  is  evident,  there  is  no  curvature  at  all. 

If  a  plane  be  drawn  parallel  to  the  tangent  plane,  and 
very  near  it,  it  will  inter-   A\  ^Y 

sect  the  surface  in  a  hy- 
perbola and  not  an  ellipse. 
Let  this  hyperbola,  or 
indicatriay  be  represented 
in  Fig.  55,  its  asymptotes 
X  Y  and  AB^  are  parallel 
to  the  two  right  lines, 
along  which  the  tangent  Fig.  55. 

plane  intersects  the  surface,  and  the  indicatrix  plane  meets  the 
surface  inside  the  angles  XOA  and  YOB^  but  does  not  meet 
the  surface  inside  the  angles  XOB  and  YOA,     If,  however. 
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a  second  plane  be  dra¥ni  very  near  the  tangent  plane,  and 
at  the  other  side  oCit,  this  plane  will  intersect  the  surface  u 
8ho¥ni  in  Fig.  56,  not  ^  \  ^Y 

meeting  the  surface 
within  the  angles 
XOA  and  YOB,  but 
cutting  it  along  the 
hyperbola  contained 
in  the  angles  XOB 
and  YOA.  As  be- 
fore, XFand  A  Bare  x"^  \* 
asymptotes  to  the  hy-  Fig.  56. 
perbola,  and  parallel  to  the  right  lines  along  which  the  tan* 
gent  plane  intersects  the  surface.  The  curvatures  of  the  sur* 
face,  in  the  two  angular  regions  marked  out  in  Figs.  55,  $6, 
&c.,  are  in  opposite  directions,  and,  therefore,  the  perpen- 
dicular pressures  acting  on  the  muscular  sheets  in  these  two 


Fig.  57. 


rci^ions  are  also  in  opposite  directions,  while  along  the  lines 
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XT  and  AB^  there  is  no  curvature  and  no  force  perpendiculBr 
to  the  muscular  fibres. 

In  the  simplest  case  of  muscular  skew  surface  that  occurs 
m  nature,  let  AB  and  A'B'y  Fig.  57,  represent  straight  bones 
which  are  the  origin  and  insertion  of  the  rectilinear  muscular 
hDres  joining  them.  The  curved  surface  formed  by  the  mus- 
cular fibres  {ride  Fig.  54)  is  a  surface  of  the  second  order, 
known  as  the  Hi/perboloid  of  one  sheets  the  direction  of  whose 
centre  may  be  found  readily  by  ipeans  of  the  following  simple 
construction. 

Draw  the  diagonals  AJff  and  A'B  of  the  skew  quadrilateral 
ABB  Ay  and  bisect  each  diagonal  in  x  and  y,  and  join  x  and 
|f,  producing  indefinitely  both  directions ;  the  right  line  xy 
passes  through,  the  centre  of  the  hyperboloid. 

This  construction  may  be  tlius  proved — Fig.  58.     Since 

B 


Fig.  58. 
the  bone  AB,  and  the  muscular  fibre  AA'  both  lie  upon  the 
surface,  the  plane  BAA  is  a  tangent  plane  at  the  point  A  ; 
and  in  like  manner,  the  plane  ABB  is  the  tangent  plane  at 
the  point  B\  and  similarly  the  tangent  plane  at  ^' is  the 
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plane  of  the  bone  A'B^  and  of  the  muscular  fibre  A'A\  and 
the  tangent  plane  at  B  is  the  plane  ABB,  Draw  any  number 
of  chords  ah\  ab',  Sic^  parallel  to  the  diagonal  .^IB';  since 
these  are  all  chords  of  the  common  surface,  their  points  of 
bisection  all  lie  upon  a  diametral  plane  By  A'  of  that  surface, 
and  passing  through  y,  the  point  of  bisection  of  the  diagonal 
AB,  In  like  manner,  if  a  number  of  chords  ab^  a'b^  &c.,  be 
drawn  parallel  to  .the  diameter  A'B^  their  points  of  bisection 
will  also  lie  upon  another  diametral  plane  AaH^  and  passing 
through  X,  the  point  of  bisection  of  the  diameter  A'B.  The 
common  line  of  intersection  xy  of  these  two  diametral  planes 
By  A'  and  AxB*^  will,  therefore,  pass  through  the  centre  of 
the  skew  surface,  or  hyperboloid. 

We  are  now  in  a  position  to  determine  the  mechanical 
conditions  of  equilibrium  "^ 
of  such  a  muscle.  Let 
A'  Y  and  A  B,  Fig.  59,  de- 
note the  directions  of  the 
two  generating  lines  at 
any  point  0,  and  let  pa- 
rallel planes  be  drawn 
at  equal  small  distances 
above  and  below  the  tan-  ^x 
gent  plane  ;  and  let  their 
imlu^ztrix  hyperbola  be  projected,  as  in  the  figure  upon  the 
tangent  plane.  Then,  if  a  and  b  denote  the  lines  Oa  and  06, 
the  equations  of  the  indicatrix  hyperbolas,  which  are  con- 
jugate  to  each  other  will  be,  if  referred  to  the  axes  Oa  and 
Ob, 


Fig.  59- 


X*        If 

—  -  -1-  =  -h  I. 

a'      b'      - 


(42) 


All  that  has  been  previously  stated  respecting  the  tangent 
cone  and  imlicairix  ellipse,  in  convex  muscular  surfaces,  holds 
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tnic  in  the  skew  surface  for  its  tangent  cone  and  indicatrix 
hyperbola.  Thus,  the  tensile  strain  in  the  tangent  plane  at 
O,  will  vary  in  any  azimuth  as  the  square  of  the  perpendicular 
let  fall  upon  the  tangent  to  the  hyperbola,  or  as  the  radius  of 
dunrature  of  the  section  of  the  surface  passing  through  that 
perpendicular.  Let  us  trace  the  variation  in  the  tensile  strain 
round  the  point  0.  In  the  direction  Oa  the  strain  is  propor- 
tional to  a%  and  diminbhes  from  OaXo  OT^  varying  always  as 
the  square  of  the  perpendicular  let  fall  from  0  upon  the  tan- 
gent to  the  hyperbola  YaB\  in  the  direction  OT^  this  per- 
pendicular vanishes  because  OF  is  the  asymptote,  and  the 
(ensile  strain  and  curvature  vanish  with  it.  When  we  pass 
OY^  the  tensile  strain  increases  from  zero  to  6S  in  going  from 
OYXo  OB;  varying  now  according  to  the  square  of  the  per- 
pendicular let  fall  upon  the  tangent  to  the  hyperbola  YbAj 
firom  the  centre  0,  and  so  on.  Thus  the  tensile  strain  has 
two  maxima,  a\  and  &*,  corresponding  to  the  axes  Oa  and  Ob^ 
and  vanishes  between  these  maxima,  iii  the  directions  XY 
and  AB^  the  asymptotes  of  the  indicatrix  hyperbolas.  In 
the  convex  muscular  surface,  on  the  contrary,  the  tensile 
strain  ranged  from  a  maximum  a'  to  a  minimum  &',  and  never 
vanished  at  all.  The  perpendicular  pressures,  produced  by 
the  tensile  strains  in  the  skew  surface,  are  in  opposite  direc- 
tions inside  the  angular  spaces  containing  the  two  hyperbolas, 
because  the  curvatures  of  the  surface  have  opposite  signs  in 
these  two  regions. 

The  joint  effect  of  the  tensile  muscular  forces  in  a  closed 
convex  surface  is  to  compress  the  contents  enclosed  within 
it;  but  in  the  muscular  skew  surface,  which  is  an  open  surface 
and  cannot  be  made  to  enclose  a  space,  the  joint  effect  of  a 
contraction  of  all  its  fibres  results  in  an  effort  made  by  the 
surface  to  destroy  its  own  curvature  and  return  into  the  con- 
dition of  a  plane  surface.    Thus,  if  one  of  the  bones  AB  be 
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fixedy  and  A'B  free  to  move  (Fig.  54),  Ihe  contractioii  of  the 
fibres  will  bring  A'B  into  the  same  plane  with  AB^  making 
ABA'B  a  plane  quadrilateral ;  this  reduction  of  the  skew 
quadrilateral  to  a  plane  quadrilateral  being  accompanied  bj  a 
peculiar  twisting  motion  of  the  entire  sheet  of  muscle  vaiying 
with  the  nature  of  its  curvatures  at  each  point. 

Let  us  now  consider,  in  detail,  the  action  of  a  quadrilatenl 
skew  muscle,  in  which  one  bone,  AB^  or  A'B  b  fixed,  and 
the  other  is  either  altogether  firee,  or  subject  to  various  con- 
ditions in  its  motion,  the  most  usual  of  which  is,  that  it  is 
compelled  to  turn  always  round  some  fixed  socket  or  joint, 
whose  position,  as  well  as  that  of  the  fixed  bone,  is  known 
and  given.  As  the  muscle  may  be  supposed  to  perform  its 
work  by  two  distinct  motions,  one  of  which  reduces  the  skew 
quadrilateral  to  a  plane,  and  the  other  is  confined  altogether 
to  that  plane,  it  will  be  convenient  to  divide  the  proposidons 
relative  to  skew  quadrilateral  muscles  into  two  parts,  visK. — 

1.  Action  of  a  quadrilateral  muscle  in  a  plane. 

2.  Reduction  of  askew  quadrilateral  muscle  to  the  coire* 

spending  plane  muscle, 
llie  following  postulate  is  necessary  in  order  to  solve  the 
problems  that  present  themselves,  and  will  be  admitted  by 
some  readers  as  an  a  p7*iori  truth,  and  by  others  as  an  induc- 
tive truth  demonstrable  by  instances. 

Postulate. 

The  Franier  of  the  Universe  {Afifnovpyog  rov  Kotrfiov)  h(ju 
constructed  all  muscles  on  the  principle  that  each  shall  perform 
the  maximum  of  Work  possible  for  it  under  the  given  external 
conditions. 

From  this  postulate,  the  following  results  appear : — 

Proposition  A.    (Problem.) 

Given  a  fixed  bone  A'B'^  and  a  perfectly  free  bone  AB, 
lying  in  the  same  planCy  forming  the  origin  and  insertion  oj  a 
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quadrilateral  muscle ;  it  w  required  to  find  the  motion  of  A  By 
wken  the  mue'ele  contracts. 

The  most  general  possible  movement  o(AB  may  be  re- 
presented by  a  movement  of  translation  parallel  to  itself,  and 
a  movement  of  rotation  round  a  point. 

Produce  AA'  and  BB'  to  meet  at  0,  and  draw  OX,  the 
bisector  of  the  vertical  angle.   I  say  Ihat  no  work  is  done  by  a 

0 


_  fttf  _  _ . . ^^^  » ■ 


* 


•: i 

Fig.  6i. 

rotation  of  the  bone  AB  round  an  axis  passing  through  X 
the  foot  of  the  bisector,  and  perpendicular  to  the  plane  of  the 
muscle,  and,  therefore,  that  the  muscle  by  its  own  contraction 
can  never  produce  such  a  rotation.  For^  let  xy  be  the  new 
position  of  the  bone  AB^  when  turned  through  a  small  angle 
of  rotation,  xXA  »  yXB  »  oi. 

Let  aa*0  be  the  original  direction  of  any  muscular  fibre, 
and  let  ab  be  the  path  described  by  the  point  a  during  the 
rotation ;  draw  hp  perpendicular  to  aa'  and  join  a'b.     Let 

Oa^l 

Oa'  =  I 

aOX^O 

BXO^ii 

OX-^b. 
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It  is  plain  that  ap  denotes  the  change  in  length  of  the  fibre 
oaf  daring  the  rotation,  and  the  work  done  by  it  is 


but 


ap  '^  ab  X  sin  (j3  -  0) 

a6  a  M  +  aX  "MX   OX  X  -r 


sin  0 


8in(/3-0)" 

op  "  M  X  OX  X  sin  0, 

Side  -  wb  sin  0e/0. 
Integrating  this  element  from  ilO  to  BO^  we  find 


Therefore, 
and 


r*# 


Work  done 


btb  sin  OdO  -  o. 


J-0 


Hence,  no  work  is  done  by  the  muscle  in  any  rotation  of  the 
bone  AB  round  an  axis  passing  through  the  foot  of  the  bi- 
sector OXj  and  perpendicular  to  the  plane  of  the  muscle. 


A-^ 


I 


jL 


•x 


t 
I 

» 


Fig.  6 1. 

Let  us  now  suppose  the  bone  AB,  Fig.  6 1,  to  be  moved 
parallel  to  itself  into  the  position  ory,  and  let 

xAB  =  ^ ; 


Work  done 


SldO^A 
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it  id  required  to  find  the  conditions  necessary  to  produce  the 
maximum  amount  of  work  done  by  such  a  movement. 

Let  aa  be  any  fibre,  and  let  ab  be  the  line  traversed  by 
the  point  a ;  and  draw  bp  perpendicular  to  aa\     Then 

SI ^aa'-a'b^ap^abii COB  (j>ah)  hut pab  »  /3  -  fl-0. 
Therefore, 

llde  =  aft  X  cos  (j3  -  fl  -  0)  d9. 

Let  aft,  which  is  the  same  for  all  points  of  the  bone  be  called 
d,  then  we  have 

cos  O  -  fl  -  «)  dO, 

-  Alsin  (/3 -  0  +  fl)-  sin  (/3  -  0-  fl)). 
or 

Work  done  =  aA  cos  (f3  -  ^)  sin  9.  (43) 

This  expression  is  a  maximum  when  j3  »  ^^  or  when  the  bone 
is  moved  parallel  to  itself,  in  a  direction  parallel  to  OX,  the 
bisector  of  the  vertical  angle  of  the  triangle  formed  by  pro- 
ducing A  A'  and  BB  the  two  extreme  fibres  of  the  Quadrila- 
teral muscle.     Therefore, 

1/ there  be  given  a  fixed  bone  AB^  and  aperfecily  free  hone 
AB  lying  in  the  same  planer  forming  the  origin  and  insertion  of 
a  Quadrilateral  muscle  ;  token  that  muscle  contracts^  the  foot  of 
the  bisector  of  the  vertical  angle  OX  must  move  towards  0,  but 
the  bone  AB  may  have  any  position  whatever,  subject  to  the  fore- 
going condition. 

From  the  preceding  investigation  it  appears  that  the  mo- 
tion of  the  bone  AB  is  indeterminate,  but  subject  to  a  cer- 
tain condition,  viz.,  that  the  point  X  of  the  bone  shall  move 
towards  t*^e  point  0 ;  a  condition  which  agrees  with  what 
has  been  already  stated,  pp.  181,  195.  In  nature,  however, 
nothing  is  indeterminate,  and  conditions  arc  always  added, 
which  <x>mpletely  fix  the  actual  motion  in  every  case.     One 

of  the  most  common  additional  conditions  in  nature  is  the 

R 
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following  restricdon  on  the  free  motion  of  the  bone  AB.  Let 
A'£^  C^ig-  6i)  be  the  fixed  bone,  and  AB  the  moveable  bone, 
which  is  subject  to  the  condition  of  always  turning  round  a 


joint,  or  socket,  placed  at  the  point  S,     Hence,  we  have  the 
following  problem. 

Proposition  B  .    ( Problem. ) 

Given  a  fixed  bone  A'B^  and  a  moveable  bone  AB  lying  in 
the  same  plane  J  subject  to  tJie  condition  of  always  turning  round 
an  axis  passing  through  a  certain  point  Sy  and  perpendicular  to 
the  plane  of  the  bones  AB  and  AS  /  i^  is  required  to  find  the 
locns  of  the  joint  5,  so  that  the  work  done  by  the  muscle^  in  con- 
'/racting^  shall  be  a  maximum. 

Let  aa'  be  any  fibre,  and  let  the  bone  AB  receive  a  small 
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rotation  Soi*  round  the  socket  S;  and  let  the  point  a  move  to 
the  point  b ;  and  let  OX  be  the  bisector  of  the  vertical  angle 
AOB.    Also,  let 

OSa  =«  (ti, 

SOX  -  ^,     OS  =  *, 

XOa^e,      Sa'^A. 

Draw  a'6,  and  let  fall  bp  perpendicular  upon  aa\     We  now 
have 

8  (/-  [)  ^  ap  ••=  ab  X  cos  {baa)  *=  ab  x  sin  (  SaO)^ 
but 

ab  =  ^Sbi, 
and 

sin  {SaO)  =  sin  (cu  +  0  +  0) ; 

therefore, 

8(;-0-^8i.»8in  (fti  +  ^  +  0); 
but 

.      ^      sin  (0  4>  fl) 

sm  (oi  +  0  +  fl) 
Therefore,  finally, 

S(/-0  =*Scusin(0  4  fl). 

The  work  done  by  the  muscle  during  the  rotation  through  Svj, 
is,  therefore, 

B  {I  -  [)d0 '- kSuf 


J. 


sin  (^  i  0)  c/0. 


The  integration  of  this  expression  gives  us  for  the  work  done 

fe  (Z  -i:)je  =  2*811  sin  ^  sin  0  (44) 


1' 


This  result  will  be  a  maximum  when  ^  =  90^.    Hence  we  ob- 
tain the  following  solution  of  the  problem  proposed  : 

J^roduce  the  extreme  fibres  A  A'  and  BB^  tt)  meet  in  tlie  point 
O^  and  draw  OX,  the  bisector  of  the  vertical  angle  of  the  tria?igfe 

r2 


2U 
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80  formed ;  it  is  necessary,  in  order  to  produce  tJie  maximum 
work  due  to  a  rotafion  round  the  socket  8^  that  this  socket  shall 
be  placed  somewliere  upon  a  right  line  drawn  through  the  vertex 
of  the  triangle,  and  perpendicular  to  the  internal  bisector  of  that 
angle. 


A^ 


Fig  63. 

The  same  result  may  be  thus  obtained  without  integra- 
tion, from  the  principles  laid  down  in  p.  181.  het  AB,  A'B, 
Fig.  63,  be  tlie  quadrilateral  muscle,  and  let  OX  be  the  bi- 
sector of  the  vertical  angle  A  OB. 

OS  =  *, 
SOX  -  0, 
AOX^e. 

The  resultant  of  all  the  forces  of  the  muscular  fibres  lies  in 
the  right  line  OX,  and  its  moment,  in  turning  the  bone 
AB  round  the  socket  S,  will  be  a  maximum  when  the  per- 
pendicular SP,  let  fall  from  the  socket  upon  OX  the  direction 
of  the  force,  is  a  maximum.     The  resultant  force  (p.  181),  is 

2/  sin  0 ; 
and  from  the  figure, 

SP  =  k  sin  0. 
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Hence,  tKe  moment  of  the  force  round  the  socket  will  be 

Moment  -  ikfAn  $  sin  f, 
which  agrees  with  equauon(44). 

If  we  suppose  the  angle  0  to  be  given,  the  work  done  will 
be  a  maximum  when  i  sin  f  ••  SP  is  a  maximum ;  and  if  ^, 
the  distance  of  the  socket  from  the  veitez,  be  also  given, 
then  ^  "  go°,  or  OS  perpendicular  to  OX,  will  be  the  ar- 
rangement capable  of  producing  the  maximum  effect 

liliutratioM  of  Prop.  B. — On  examining,  in  nature,  the 
actual  relative  positions  of  the  socket  of  the  joint,  and  vertex 
of  the  triangular  or  quadrilateral  muscle,  we  find  them  always 
placed  in  accordance  with  the  residt  just  found  ;  so  that,  at 
the  moment  at  which  the  muscle  makes  its  most  vigorous 
contraction,  the  direction  of  its  resultant  is  perpendicular  to 
the  line  SO,  and,  thereforei  produces  the  maximum  eficct  in 
turning  the  bone  round  the  socket  of  the  joint. 

(a).  Lalimmiu  dorsi  in  Man. — In  Fig.  64,  let  S  represent 
the  socket  of  the  shoulder  joint,  and  0  the  insertion  of  the 
Uttisnmm  dorri,  whose   u  s 

extreme  fibres  make  [~ 
with  each  other  an 
angle  of  35"  (p.  191). 
The  bisector  OX  of 
the  vertical  angle  of 
the  muscle  passes,  very 
nearly,  through  the 
spinous  process  of  the 
Gnt  lumbar  vertebra. 
Draw  Sff  horizontal, 
and  place  the  arm  SO 
in  such  a  position  that  ^ 
the  angle  SOX  shall 


be  fl  right 
made ; 


mglc.'   The  following  mcHsurcmcnts  are  readily 
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HS  =  8  inches. 
HX  -  lo       „ 
SO  -  a.  16    „ 

From  ivhich  we  find 

SX  a  12.8  inches. 
BSX  =  51^20'. 
XSO  =  8o^  17'. 

Adding  together  the  two  angles,  we  find 

IISO  -  131^37'; 

or,  that  the  arm  is  depressed  48**  23' below  the  horizontal  line, 
when  SO  is  perpendicular  to  OX.  In  giving  a  back  sword 
cut,  or  back-handed  stroke  to  a  racket-ball,  this  is  the  angk 
of  depression  at  which  the  moment  of  the  force  of  the  hxtim- 
mus  dorsi  round  the  socket  £>  is  a  maximum. 

The  angular  velocity  produced  by  the  contraction  of  the 
muscle  is  thus  found.     Let 

so^k.  xso^e. 

XO  -  X,  X08  =  0. 

SX  =  a. 

w  =  angular  velocity. 

/  =  moment  of  inertia  of  arm 

F=  force  of  muscle. 

We  have,  from  the  principles  of  Dynamics, 

d^d     dui  _  Fk  sin  0 
dF  'It  1 


dB\       ,      2kF{  .        ,^ 


but  sm  0  «=  -  sm  v 

X 


^  ^  va^  f  k^  -  aoXr  cos  ft 
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Ilencei  we  have 

,     F  2ak  sin  OdO 


Ui 


or 


/  v^a*  +  *•  -  2ak  cos  0' 
'  -  Y~^c?  +  A*  -  2ak  cos  9  +  const. 

a>«  =  _  gar.  (45) 

where  &e  denotes  the  total  change  of  length  of  OX  in 
passing  firom  the  angle  Oi  to  the  angle  0s.  Hence  the 
angular  velocity  of  the  arm  produced  by  the  contraction  of 
the  latis9imua  darsi  varies  as  the  square  root  of  that  contrac- 
tion ;  and  it  is  important,  being  supposed  given  the  amount 
of  the  contraction,  to  find  the  conditions  necessary  to  produce 
the  resulting  angular  velocity  with  a  minimum  angle  of 
rotation.    This  may  be  thus  determined, 

.T*  =  a*  +  P  -  2ak  cos  0. 
Hence, 

xix  B  ak  sin  0£0, 

^^         xix  Sx 


ak  sin  0     k  sin  0* 

Hence,  SO  will  be  a  minimum  when  sin  ^  is  a  maximum,  or 
when  ^  s  po%  which  coincides  with  our  previous  result. 

When  the  arm  is  depressed  48^  23'  below  the  horizontal 
line,  so  as  to  make  the  angle  XOS  a  right  angle,  the  length 
of  OX  is  12.62  inches;  and  if  the  total  contraction  of  the 
muscle  be  one-eighth  part  of  its  length,  we  have  for  the 
minimum  angle  of  rotation,  before  and  after  passing  through 
the  position  of  the  arm,  where  XOS  is  a  right  angle, 

J0  =  --.  =  Jii  =  21". 
k      216 
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Whenever,  therefore,  the  arm  is  depressed  by  the  latisnmui 
</or«,  from  27°  23'  to  69**  23',  passing  through  an  arc  of  42*, 
a  ^cater  angular  velocity  will  be  attained,  in  passing  through 
a  given  angle,  than  is  possible  for  any  other  motion  of  the 
arm.  Racket  players,  cavalry  soldiers,  and  others  who 
require  to  give  a  swift  back  stroke  with  the  arm,  instinctively 
learn  the  proper  range  of  depression,  and  the  relations  of 
position  of  the  muscle,  socket,  and  arm,  are  all  arranged  in 
strict  conformity  with  Proposition  B. 

In  the  action  here  described,  the  muscles  which  extend 
the  forearm  upon  the  arm  act  in  unison  with  those  which 
deproes  the  humerus,  and  it  is  interesting  to  compare  their 
relative  forces.  I  determined  the  weights  of  the  two  groups 
of  muscles  in  a  male  and  female  subject,  with  the  following 
results : — 

Depressors  of  Arm. 

Male.  Female. 

Latissimus  dorsi^     .     .     .     .     7.55  oz.         4.58  oz. 
Teres  major ^ 4.09  oz.  1.67  oz. 

1 1.64  oz.  6.25  oz. 

Extensors  of  Forearm, 

Male.  Female. 

Triceps  hvgus^    '^ 

,,        internas.S'  .      .    13.10  oz.  6.59  oz. 

,,       extenms^j 

Rdtio  of  Depressors  of  Arm  to  Extmsors  of  Forearm. 

-Male, 0.80 

1310 

remale, -—^  c.oc 

659 

Mean,      .     .     092 
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From  this  it  appears  that  the  two  groups  of  muscles  are 
nearly  of  equal  weights,  and  therefore  contain  nearly  equal 
qnantitiss  of  work  stored  up ;  so  that  their  simultaneous 
Bcuon  is  highly  advantageous.  It  may  be  noticeil  that  in  the 
case  of  a  ginglymoid  joint,  like^e  elbow,  where  the  motion 
of  the  bone  is  circular,  the  condition  required  by  Proposition  B. 
is  necessarily  fulGUed  in  every  position  of  the  bone. 

(6).  Latittimut  dorii  of  the  Tiger  and  Ldon.— The  position 
and  relations  of  the  latunmiu  dorti  in  the  Tiger  are  shown 
in  Fig.  6c,  where  ^S  is  the  centre  of  the  filcnoid  cavity,  Cis 


the  centre  of  motion  of  the  elbow  joint,  and  Q  is  the  position 
of  the  centre  of  the  tendon  of  the  latisdmm  dorsi,  inserted  on 
the  inner  side  of  the  humerus.  The  line,  QA,  drawn  to  the 
fifth  dorsal  vertebra,  represents  the  anterior  fibres  of  the 
muscle,  and  QB,  drawn  to  the  third  lumbar  vertebra,  repre- 
sents its  posterior  fibres.     The  line,  QX,  bisecting  th«  angle, 
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AQB^  passes  through  the  ninth  dorsal  vertebra,  and  is  the 
line  of  force  acting  upon  the  humerus. 

In  the  position  of  the  Tiger's  arm,  represented  in  the 
figure,  the  angle,  SQX^  is  93"",  and  the  force  of  the  laUuhmu 
dorsi  is  exerted  to  flex  the  arm  upon  the  body  at  nearly  its 
position  of  maximum  advantage. 

It  is  important  to  observe  that,  when  the  angle  SQX 
becomes  a  right  angle,  the  teres  major  (whose  origin  is  repre- 
sented at  the  angle  of  the  scapula,  and  which  is  inserted  with 
the  latiesirmie  dorsi)  acts  with  its  entire  force  along  the 
bisector  QX,  and  at  right  angles  to  SQC;  so,  that  when  the 
latissimus  dorsi  is  acting  to  the  greatest  advantage,  producing 
a  maximum  velocity  with  a  ^ven  angle  of  rotation ;  at  the 
same  time,  its  auxiliary  muscle,  teres  major,  acts  also  to  the 
greatest  advantage,  and  exactly  in  the  line  of  force  of  the 
latissimus  dorsi.  The  weights  of  these  muscles  in  several 
Felidae  are  as  follows : — 


Depressors  of  Arm  in  the  Feliiice. 


Tlncr. 


LatiUsinms  dorsi,    ,     39-75  oz. 
Tores  nrnji  r,      .  ".45   ,i 


Total  force,        6I.20  oz. 


LliM). 


25.50  oz. 

950   »» 
36 -00  oz. 


Jacoiir 
(fcroaleX 


4.19  oz. 
1.68    „ 


5.87  oz 


Letipard. 

8.40  oz. 
2.65    i> 

U-OSoz. 


The  Icitissimus  dorsi  and  teres  major  act  upon  the  humerus, 
tending  to  turn  it  round  an  axis  perpendicular  to  the  plane 
of  the  triangular  sheet  of  muscle;  but  another  important 
muscle  assists  in  this  rotation.  This  muscle  is  the  triceps 
lotigus,  which  takes  its  origin  on  the  line  marked  on  the  pos- 
terior edge  of  the  scapula,  and  is  inserted,  in  conjunction  with 
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the  other  muscles  that  act  upon  the  elbow  joints  into  the 
olecranon  process.  The  right  line  OI  represents  the  di- 
rection in  which  the  force  of  this  muscle  is  applied,  and 
it  will  produce  its  maximum  mechanical  effect  when  the 
angle  £0/ becomes  a  right  angle,  in  conformity  with  Pro- 
position B. 

In  the  position  of  the  arm  shown  in  the  figure,  the  angles 
are  as  follows : — 

8QX  B  93^  {latias.  darsi  and  teres  major)^ 
SOI  «  95®  {triceps). 

The  arrangement  of  both  groups  of  muscles  is  so  contrived, 
that  these  angles  pass  through  90®  together,  thus  enabling 
both  sets  of  muscles  to  act  at  the  same  moment  with  maxi- 
mum effect  upon  the  humerus. 

The  triceps  and  its  associated  muscles  in  the  Felidse  have 
the  following  weight : — 

Extensors  of  Forearm  in  the  Felidof. 


Trieep*  longu»^  .     . 

30.65  oz. 

IHctpt  mtemuB,     . 

7.10  „ 

TVieepM  exUmuSf 

14-05  «t 

Trietps  aeces8oriu9,  .      2.95 
Aneoiutit*,     .     .     .       3.05 


»» 


•» 


Jaguar 
(feniale). 


Leopard. 


4.20  oz.  ,    7.27  oz. 
1.48  i»    i     1.79    ». 


1.54 


0.20 


0.33 


»»      ! 


»» 


f» 


3-45    ,1 
C.67    „ 

0.60   „ 


7,75  oz.  '  13.78  oz. 


If  we  compare  these  weights,  which  represent  the  work  done 


252  ANIMAL  MECHANICS. 

in  each  contraction  of  the  group  of  muscles,  with  those  ahreadj 
given,  we  find — 

Ratio  of  Depressors  of  Arm  to  Extensors  of  ^rearm  in 

the  FelidiB. 

Tij^r.  Lion.  Jaguar  (female).  Leopard. 

0.88  0.80  0.76  0.80. 

With  respect  to  the  action  of  the  triceps  and  its  assistants 
upon  the  elbow  joint,  the  following  considetations  are  of  in- 
terest. The  triceps  will  produce,  in  conformity  with  Pro- 
position B.  its  maximum  effect  upon  the  forearm,  turning 
round  the  centre  C  (Fig.  66),  when  the  quadrilateral  OSCI 
comes  into  the  position  in  which  the  line  offeree  of  the  triceps 
01  is  at  right  angles  to  the  line  CI.  In  this  position  of  the 
quadrilateral,  the  right  line  CI,  drawn  from  the  point  C  to 
meet  the  circle  77/",  becomes  a  tangent  to  that  circle. 

It  is  evident  from  the  figure,  that  the  angle  OIC  becomes 
a  right  angle  at  the  same  time  as  the  angles  8QX  and  S01\ 
and  therefore,  that  in  the  position  of  maximum  effect  of  all 
the  muscles  acting  on  the  shoulder  and  elbow  joints,  the  lines 
SO  and  CI  become  parallel  to  each  other,  and  are  both  at 
right  angles  to  the  direction  of  the  triceps  OL 

From  the  preceding  facts,  it  is  plain  that  the  tricej>s  is 
intended  to  co-operate  with  the  latissimus  dorsi  and  teres  major; 
and  in  point  of  fact,  in  the  Tiger  it  co-operates  with  these 
muscles,  when  both  they  and  it  are  placed  in  their  relative 
positions  of  maximum  effect  upon  the  rotations,  round  both 
the  shoulder  and  elbow  joints. 

I  have  repeatedly  watched  the  back  stroke  of  the  arm  in 
all  the  large  Felidse,  and  am  unable  to  perceive  the  slightest 
difference  in  the  time  of  action  of  the  elbow  and  shoulder 
joints  in  the  Tiger,  Jaguar,  or  Panther;  in  the  Lion  it  appears 
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to  me  that  the  extension  of  the  forearm  precedes  the  backward 
motion  of  the  arm  by  a  very  short  interval.* 

In  Fig.  66y  I  have  drawn  to  scale  the  relative  positions  of 
the  various  sockets,  and  oripn  and  insertion  of  muscles  in  the 

X 


Fij?.  66. 

arm  of  the  Bengal  Tiger.  In  thistigure,  /Sis  the  centre  of  the 
shoulder  joint,  0  is  the  centre  of  origin  of  triceps  longuSy  M  is 
the  centre  of  origin  of  tei'es  major^  X  is  the  extremity  of  the 
bisector  of  vertical  angle  of  latissimus  dorsi,  C  is  the  centre 
of  the  elbow  joint,*  /  is  the  centre  of  insertion  of  the  trieepa 
iongus. 

The  measurements  of  the  fixed  lines  in  the  Tiger  are  as 
follows : — 


SO  -    5.62  inches. 
SC  =  10.50      „ 
CJ  =    3.00      „ 


/SJ/-    9.50  inches. 
SX  =  16.12      „ 
SQ  =    2.89      „ 


*  In  the  action  of  a  Horee,  walking  or  trotting,  the  forearm  always  movea 
before  the  arm,  by  a  perceptible  interval. 
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The  point  of  insertion,  Q,  of  the  latissimtudorsi  and  teresmajor 
describes  a  circle,  of  which  S  is  the  centre,  and  the  fibres  of 
these  muscles  must  be  contrived  of  such  a  length,  that  XQ 
and  MQ,  shall  be  equal  to  their  respective  lengths,  when  hilf 
contracted ;  and,  supposing  the  whole  contraction  to  be  one- 
eighth  of  the  length,  the  lengths  of  the  muscles,  before  and 
after  contraction,  must  be — 

Before  contraction.  After  contraction. 

Latimtnus  darsij   .     .     .     — -  x  QX  ^  x  QX 

lO  lO 

17  I  c 

Teies  major.     .     .     .     .     -^  x  QM        -4  x  QM 
•'  16  16 

This  corresponds  to  a  range  of  rotation  round  ^  amount- 
ing to  21°,  at  each  side  of  the  line  6'C,  which  is  the  line  of 
maximum  effect. 

While  the  latissimis  dorsi  is  engaged  in  shortening  itself 
by  one-sixteenth,  rotating  the  arm  through  2 1^,  into  the  position 
SC,  the  triceps  longus  also  shortens  itself  by  one-sixteenth, 
and  causes  the  forearm  to  rotate  round  (7,  through  an  angle 
of  9°  30',  into  the  position  of  maximum  effect,  in  which  01 
and  CI  are  at  right  angles ;  and  in  the  entire  complex  down- 
ward and  backward  stroke  of  the  Tiger's  paw,  the  arm  passes 
through  42",  while  the  forearm  passes  through  19®. 

It  is  important  to  observe  that  the  condition  fulfilled  by 
the  Tiger's  arm,  by  which  the  angles  SQX^  SOl^  and  CIO 
become  right  angles  at  the  same  time,  and  so  allow  all  the 
muscles  of  the  shoulder  and  elbow  to  co-operate  together, 
each  acting  to  the  greatest  advantage,  is  not  a  random  con- 
dition attained  by  chance  ;  but  must  have  been  the  result  of 
deliberate  forethought  and  contrivance.  This  can  be  proved 
by  showing  that  the  condition  involves  rigorous  geometrical 
consequences,  which  might  or  might  not  have  been  fulfilled 
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by  bones  and  muscles  selected  at  random.  Let  us  suppose 
that  S,  O,  QjM^t  and  X,  or  everything  relating  to  the  shoulder 
joint,  be  given ;  it  is  required  to  contrive  for  the  Tiger  an 
oleeranan  and  triceps^  which  shall  enable  all  the  muscles  of 
shoulder  and  elbow  to  act  simultaneously,  and  to  the  greatest 
advantage. 

Let 

SO  «  a        CI »  X   (unknown  olecranon). 
SC  =  h        01  ^  y  (unknown  triceps). 

The  angle  ^  is  given,  because  it  is  the  angle  whose  cosine  is 
found  from  the  relation 

8Q      289 

cos  0  =  -^  =  —^ 

SX     1612 

^  -  79«  40', 

because  XQ  is  a  tangent  to  the  circle  described  by  Q,  round 
the  centre  S. 

It  is  easy  to  see  that  the  olecranon  and  triceps  are  given 
by  the  equations 

;r  a  a  -  6  cos  0 
y  s  6  sin  ^. 

If  the  values  of  a,  bj  and  0,  above  given,  be  substituted  in 
these  equations,  they  will  determine  the  lengths  o{  olecranon 
sndiricepsy  which  (and  which  only)  will  enable  all  the  muscles 
of  the  shoulder  and  elbow  in  the  Tiger  to  act  simultaneously 
to  the  greatest  advantage. 

Whenever,  as  in  the  case  of  the  triceps  longus^  a  muscle 
passes  over  two  joints,  a  considerable  amount  of  rotation 
round  both  joints  is  possible,  without  requiring  the  fibres  of 
the  muscles  to  be  lengthened  or  shortened.  Thus,  in  the 
quadrilateral  figure  OSCl,  the  sides  08,  SCy  and  CI,  are 
absolutely  constant ;  and  it  may  be  shown  that  the  arm  may 


25« 


ANIJIAL  MKCUANICS 


be  rotated  through  a  considerable  angle,  without  altering  the 
length  of  the  fourth  side,  01  \  and,  consequently,  without 
lengthening  or  shortening  the  trieept  longua. 

In  the  forward  directJon,  the  arm  SC  may  be  moved  into 
the  position,  8C",  such  that  (?/plus  IC  shall  be  equal  to  the 
right  line,  Ol"C\  and  in  the  backward  direction,  the  arm 
may  be  moved  into  the  position,  SCI',  such  that  SC  plus  CJ 
shall  be  equal  to  the  right  line,  SCF.  While  the  ann  is 
moved  from  SC  to  SC,  through  an  angle  of  6;°,  the  6bres  o( 
the  triceps  muscle,  01,  are  neither  lengthened  nor  shortened ; 
if  the  arm  be  brought  farther  forward  than  SC,  its  fibres  will 
be  stretched,  and  the  muscle  provoked  to  contract  itself;  and 
the  arm  cannot  be  brought  farther  backward  than  the  position 
SC,  unless  the  (ibres  of  the  tricept  be  shortened. 


(c).  XtifuaimtM  dOTBi  (AUmtrost). 

The  latitnmuM  dorri  of 
the  wing  of  the  Alba- 
'rota,  (one  half  natural 
size)  is  shown  in  Kg.  67, 
in  which  S,  the  socket 
of  the  humerua,  is  a.ao 
inches  distant  from  0, 
the  point  of  insertion  of 
the  muacle,  which  is 
triangular  in  shape,  its 
extreme  fibres  making 
im  angle  of  51"  with 
each  other.  In  the 
moan  position  of  the 
wing,  in  the  dead  bird, 
the  angle  SOX,  con- 
Fie-  Sj'  tained   between  OS  and 

OX,  the  bisector  of  the  musular  libres  is  86°.     During  life, 
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the  contraction  of  the  muscle  always  swings  the  wing  through 
the  position  corresponding  with  ^  »  SOX  =90°,  so  as  to  pro- 
duccy  in  striking  the  air,  a  given  angular  velocity,  with  a 
minimum  angle  of  rotation  of  the  wing.  Assuming,  as  before, 
the  contraction  of  the  muscular  fibres  to  be  one-eighth  of 
their  length,  we  readily  obtain  the  following  result : — Since 
OX  is  equal  to  4.62  inches — 

/c  sm  0      16  X  220 

Hence  the  wing  of  the  Albatross,  when  acted  upon  by  the 
latissimtia  dorsi^  will  sweep  through  an  angle  of  1 5°,  making 
the  angle  SOX  a  right  angle  in  the  course  of  the  rotation, 
and  producing  a  maximum  velocity  of  stroke,  for  a  given 
angle  of  rotation.  * 

(d).  Hamstring  Muscles  of  Tiger  and  Lion. 

The  next  example  of  Proposition  B  that  I  shall  give  is 
taken  from  the  hamstring  muscles  of  the  great  Felidae,  which 
constitute  one  of  the  most  wonderful  instances  of  wcll-dcviscd 
mechanism  to  be  found  in  the  entire  range  of  the  Animal 
Kingdom. 

In  Fig.  68  are  shown  the  pelvis  and  leg  of  the  Bengal  Tiger, 
in  which  0  is  the  tuber  ischii  and  origin  of  the  biceps  fenioris 
muscle,  whose  extreme  fibres  are  OA^  to  the  middle  of  femoral 
fascia,  and  OB  wound  round  the  tendo  Achillisj  and  directed 
towards  the  calcaneum.  The  angle  AOB  is  50S  and  the 
bisector  OX  passes  through  the  top  of  the  fibula,  and  is  the 
direction  of  the  resultant  force  of  all  the  fibres  of  the  biceps 
This  great  muscle,  instead  of  being  inserted  into  a  single  point, 
is  spread  out,  so  as  to  act  upon  several  joints  at  the  same 
time ;  its  upper  fibres  act  on  the  hip  joint  only ;  its  middle 
fibres  act  upon  both  the  hip  and  knee  joints,  and  its  lower 
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fibres  influence,  in  addition,  the  uiklo  joint.  We  shall,  how- 
ever, regard  it  as  a  whole,  represented  by  its  resultant  force 
acting  in  the  direction  OX.     The  other  hamstring  tnoKles, 


Fig.  6!. 
ffmi-feiiditiositt  and  semimembraHMUt,   take  ori^n  from  the 
tuber  ischii,  immediately  beside  the  birrpt,   and  are  inserted 
into  the  tibia,  in  a  position  corresponding  with  the  poMUon 
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of  the  line  OX ;  so  that  our  conclusions,  with  respect  to  the 
biceps,  will  apply  to  all  the  hamstring  muscles. 

Let  S  be  the  centre  of  the  acetabulum.  0  the  tuber  ischii, 
C  the  centre  of  motion  of  the  knee  joint,  and  I  the  top  of  the 
fibula  I  obtained  the  following  measurements  from  the  male 
Tiger,  already  mentioned  at  p.  127  : — 

OS  -  5.49    in.  CI  «  2. 63    in. 

SC"  11.75    r  •*        07-^14.00    „ 

The  distances  08^  8C,  anc  CJ  are  absolutely  fixed ;  but  the 
distance  01  may  be  shortened  by  the  action  of  the  biceps  and 
other  hamstring  muscles.  I  have  taken  the  length  of  07  at  14 
inches,  before  the  contraction  of  the  muscles. 

Let  us  first  inquire  what  range  of  motion  the  leg  can 
have,  before  the  line  01  is  shortened  01  extended.  This 
question  gives  us  the  quadiilateral  figure  OSCly  whose  four 
sides  are  given;  and  we  are  required  to  move  the  quadrilateral 
about  OS  regarded  as  fixca,  sc  as  to  find  the  extreme  limits 
possible  for  its  construction.  With  0  as  centre,  describe  the 
circle  rir  ;  and  with  S  as  centre,  describe  the  circle  C'CC  - 

The  leg  of  the  Tigei  may  be  moved  forward,  or  flexed 
upon  the  body,  until  the  lines  01  and  IC  form  one  continued 
right  line,  in  the  position  OrC\  where  I'^C*^  is  equal  to 
1C\  the  leg  cannot  be  moved  forward  beyond  this  position 
without  lengthening  the  muscle  0/X,  and  thus  provoking  it 
to  contract.  The  leg  of  the  Tiger  may  be  moved  back- 
wards, or  extended  upon  the  body,  until  the  lines  SC  and  CI 
form  one  continued  right  line,  in  the  position  SC'I\  where 
C'/'  IS  equal  to  C7 ;  and  the  leg  cannot  be  moved  farther 
backwards  without  a  shortening  of  the  muscle  01 X.  Pro- 
duce the  line  OS  to  O',  and  measure  the  angles  O'SC"  and 
O^SFj  which  represent  the  extreme  limits  of  the  position  of 
the  leg,  compatible  with  the  supposition,  that  the   muscle 

82 
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OiX  has  been  neither  lengthened  nor  shortened.     We  find- 

O-SC -31° 
(ySC'  105 


o 


showing  a  range  of  74®  of  motion  round  the  socket  S,  through 
which  the  biceps  and  other  hamstrings  are  neither  lengthened 
nor  shortened. 

When  the  leg  attains  the  position  C/',  the  angle  SOfis 
83^  and  shortly  afterwards  passes  through  90^  when  the  ham- 
string muscles  contract.  If  we  examine  the  angle  CIO^  at 
the  point  /',  when  the  angle  SOI'  is  approaching  a  right 
angle,  and  when  the  hamstring  muscles  are  producing  their 
maximum  effect  with  respect  to  the  hip  joint  S^  we  shall  see 
that  C'1'0  becomes  acute,  and  that  it  is  far  removed  from  the 
position  in  which  its  maximum  effect  would  be  produced 
upon  the  knee  joint  C.  In  fact,  the  position  of  the  leg,  in 
which  the  hamstring  muscles  would  produce  their  maximum 
effect  upon  the  knee  joint,  corresponds  with  the  point  c,  from 
which  a  tan<xciit  ci,  to  the  circle  /Vi",  would  be  equal  to  CL 
In  this  position  of  the  leg,  the  angle  ciO  is  90°,  while  the 
angle  SOiy  corresponding  to  it,  is  only  64®.  From  this  it  fol- 
lows, that  the  knee  joint  is  not  related  to  the  hip  joint,  in  the 
same  way  that  the  elbow  joint  is  related  to  the  shoulder  joint; 
and  that  it  is  not  intended  that  the  muscles  acting  upon  each 
should  attain  their  positions  of  maximum  effect  at  the  same 
time. 

In  the  Tiger's  leg,  it  is  the  ankle  joint  that  bears  to  the  hip 
joint,  the  same  relation  that  the  elbow  bears  the  shoulder 
joint,  in  the  arm  ;  for,  let  Y  be  the  centre  of  the  ankle  joint, 
and  join  YB  to  the  calcaneum ;  and  let  G  denote  the  origin 
of  the  external  gastrocnemius  muscle,  which  acts  from  Gto  B, 
'lliis  powerful  muscle,  and  the  corresponding  internal  gastro- 
cnemiwi^  will  produce  their  maximum  effect  upon  the  ankle 
joint,   when  the  angle  YBG  becomes  a  right  angle,  in  con- 
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formity  with  Proposition  B ;  and  it  is  easy  to  see  from  the 
figure,  that  the  angles  50/ and  G5F  will  pass  through  right 
angles  at  nearly  the  same  time.  The  gastrocneme  muscles,  in 
the  hind  leg,  therefore,  stand  in  the  same  relation  (mechani- 
cally) to  the  hamstring  muscles,  that  the  triceps  longua  and 
its  allies  bear  to  the  latUsimtis  dord  and  teres  majors  in  the 
fore  leg. 

I  have  found  the  following  weights  of  the  hamstring  and 
gastrocneme  muscles  in  the  Felidae  : — 

Hamstring  Muscles  in  the  Felidce, 


Biceps  fvmoris,  .  . 
Bicipiii  accc88oriu8  . 
Semitendinoflua,  .  . 
Semimembranosus,  . 
Orarilis,      .... 

Total 


liKur. 


lion. 


47.60  oz. 

1.28  „ 

13-70  i» 

23-40  „ 


»3-35 


»♦ 


27.75  OE. 


10.00 


♦I 


26.25     „ 


9.00 


»» 


Jaguar 
(female). 


3.77  oz. 

0.14  „ 

'•58  i» 

261  „ 

0.92  „ 


Leopard. 

9.66  oz. 

o.  1 8  „ 

3-28  „ 

536  «. 

>4i  M 


09.33  oz. 


73.00  oz.     9.02   oz.   I  20.89  oz. 


Gastrocneme  Muscles  in  the  Felidce. 


I 


Gastrocnemius  eztemus, 
Gastrocnemius  intcmus, 
Plantaris, 


I 


TuUl 


TllTLT 

9.80  oz. 

950    „ 

7.3s    .. 

26.65  oz. 

Lion.      JAgn&r  (female). 


2,84  oz. 


LeoiMnl. 


I  I     4-93  oz. 

I  ,  2.84  oz. 

-    1)  {  2.38  „ 


7.31  oz. 


It  will  be  observed,  that,  while  the  hamstring  muscles  are 
attaining  their  position  of  maximum  cfToct  upon  the  hip  joint, 
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by  the  angle  SOI  becoming  a  right  angle,  and  the  gastro- 
cneme  muscles  are  acquiring  their  maximum  efiect  upon  the 
ankle  join ty  by  the  angle  GJSJT  becoming  a  right  angle,  that 
both  these  muscles  act  at  a  considerable  disadvantage  upon 
the  knee  joint;  for  the  angles  C/0  and  CGB  become  yeij 
acute,  when  the  angles  801  and  GJSFpass  through  right 
angles.  Still,  both  hamstring  and  gastrocneme  muscles  tend 
to  flex  the  knee  joint,  in  every  position  of  the  legs ;  an  effect, 
which  would  be  disastrous  to  the  combined  movement  of  the 
muscles  of  the  hip  and  ankle,  when  the  Tiger  walks,  runs,  or 
springs  upon  its  prey.  Therefore,  the  flexing  effect  of  these 
muscles  upon  the  knee,  is  always  counteracted  by  the  extend- 
ing effect  of  the  rectus  femcris^  and  its  allies,  upon  the  same 
joint ;  and  these  antagonist  muscles  are  called  into  action,  to 
an  extent  necessary  to  keep  the  knee  joint  from  bending,  or, 
in  some  motions  of  the  leg,  to  an  extent  that  actually  extends 
the  leg  upon  the  thigh. 

It  is  very  interesting,  therefore,  to  observe  that  the  rectm 
femarisy  which  is  the  natural  ally  of  the  hamstring  and  gas- 
trocneme muscles,  acting  in  the  line  Jt.r/.^  is  at  right  angles 
to  the  lever  cRy  at  the  same  time  that  the  angles  SOI  and 
GBYy  of  the  hamstring  and  gastrocneme  muscles,  pass 
through  90®. 

In  Propositions  A  and  By  we  have  considered  the  case  of 
two  bones,  lying  in  the  same  plane,  and  united  by  a  quadri- 
lateral sheet  of  muscular  fibres ;  one  bone  being  supposed 
fixed,  and  the  other  bone  compelled  to  turn  round  an  axis  of 
rotation  perpendicular  to  the  plane.  We  nave  now  to  ex- 
amine the  more  complex  case  in  which  the  moveable  bone 
turns  round  some  axis  lying  in  the  plane  of  the  two  bones ; 
an  action,  by  which  the  plane  quadrilateral  becomes  a  gauche 
quadrilateral,  and  the  muscular  (ibres  form  the  surface  known 
as  an  hypcrboloid  of  one  sheet. 

I  shall  first  suppose  the  axis  of  rotation  to  be  perpendi- 
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cuUr  to  the  bisector  of  the  muscular  fibres,  when  lying  in  the 
■sme  plane,  and  investigate  the  relations  between  the  bones 
which  ore  necessary  to  produce  a  maximum  cdcct,  when  the 
muscle  contracts. 

lo  Fig.  69,  AS  and  A'B^  are  the  two  bones,  A'B  being 
npposed  6xed,  and  AB  moveable,  round  an  axis  SK,  pars- 
ing through  the  fixed  socket  S,  and  perpendicular  io  OX 


Fig.  69, 
the  bisector  of  the  muscular  libres.     Let  aa   be  any  fibre 
which  takes  the  position  a'6,  when  a  small  rotation  occurs 
round  the  axis  SK,  moving  the  point  a  to  b,  which  lies  out- 
side the  piano  ABA'B. 
In  the  triangle  on'S,  let 

aa~aO-a'0  =  l~t  =  p 

aS-A  dS^A'     <jSrt'  =  .T. 
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Hence  we  have 

;?'  =  ^»  +  A'^  -  2AA'  cos  x. 
In  the  triangle  bSa\  let 

ba^p'    bS^A  (by  hypothesis)  aS  -  -4'    ft&'  -  y. 
Hence  we  have 

p '  «  -4*  +  -4'*  -  2-44'  cos  y. 

If  we  imagine  a  sphere  described  round  8^  intei*secting 
the  several  lines,  we  shall  have  (Fig.  70),  the  line  SK,  which 
is  the  axis  of  the  cone,  described  by  the  line  Sa.  meeting  the 
sphere  in  the  centre  of  a  small 
circle,  in  which  the  cone  pier- 
ces it. 

llie  spherical  radius  of  this 
circle  will  be  the  angle 

KSa  =  <r. 

Let  S,  rt,  a  be  the  original 
positions  of  all  the  lines,  and 
let  b  denote  the  new  position 
taken  up  by  a,  after  a  rotation 
through  an  angle 

aSb  -  01 

Draw  the  arc  b  a\   which  will  be  equal  to  y,  while  aa  will  be 
equal  to  x. 

In  the  spherical  triangle  baS^  we  have 

hS  =  o",  ha*  =  y,  Sa*  =  <r  ~  .r,  bSa  =  cu. 

Therefore 


cos  V  =  cos  w  sin  <r  sin  (<r  -  x)  +  cos  <r  cos  (<t 
and  when  oi  is  a  moderately  small  angle 


-•^)» 


cos  0*  =  I f 

2 
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^'hich  reduces  the  preceding  equation  to 

cos  y  =  (sin  <r  sin  (<r  -  x)  +  cos  a  cos  (<t  -  x)] 

.  sin  a  sin  (<r  -  J?)  ; 

'4. 

or,  finally, 


oi' 


ai«    . 


cos  V  =  cos  .r  -  —  sin  (T  sin  (a  -  a?). 

Substituting  this  value  of  cos  y  in  the  preceding  equations, 
we  find 

jo'a  o  jt>»   +  io*'AA  sin  <r  sin  (<r  -  x)  (46) 

In  Fig.  (69),  the  angle  a  is  KSa ;  and  if  we  draw  a  perpen- 
dicular aX  from  a,  upon  the  bisector  TX^  it  is  easy  to  see 
that 

YX      YO  +  OX 

'^"^  =  -^==— is— 

Let 

OS -a,  yOS=^,  aOX  =  0, 
and  we  obtain 

a  cos  A  -»■  /  cos  0 

sm  <r  =  ^-—. ; 

A 

and,  in  like  manner,  since  <r  -  .r  =  KSd 

.     ,          ,      a  cos  0  +  /'  cos  0 
sm  ((T  -  ^)  = ^^t; . 

Hence,  equation  (46)  becomes 

//*«/>'  +  w'  (a  cos  0  +  Z  cos  0)  (a  cos  ^  +  /'cos  0), 
or, 


v-vj'^ 


Ol'» 


(a  cos  0  -f  /  cos  Oj  (a  cos  0  +  /"  cos  0) 
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expanding  the  root,  and  remembering  that  w  is  moderately 
small,  we  obtain 


V  =/> 


(01*  (g  cos  0  -t-  /  COS  9)  {a  cos  ^  -»■  A  cos  d)\ 


and  finally,  substituting  for  |>,  its  value  /  -  /',  we  have 

,            «,       «ii>*      (a  cos  ^  +  /  cos  0)  (a  cos  A  +  /'  cos  0)     ,     . 
p'  -  />  -  8p  =  -.     ^ ^?^ ^^  -  -^  -  '.  (47) 

This  expression  denotes  the  shortening  or  lengthening  of  a 
single  fibre  aa\  produced  by  the  rotation  (ci>)  round  the  axia 
KS\  and  the  work  done  by  the  entire  muscle,  in  a  single 
contraction,  will  be, 

Work  done -jSpdO-  ^{{a^<^'**l^^^9Hyo>'^^l'<^o^9)d9 

and  we  are  required  to  investigate  the  conditions,  which  shall 
render  this  work  a  maximum. 

Using  the  same  notation,  as  in  Prop.  B,  we  have 

ft  sin  P  h'  sin  j3^ 

8in(/3-tf)'         "sin(/3'-e/ 
Ilencc, 

h]>dQ  = 

w«  ( {a  cos  ^  »in  (/3 -_0)jM sin  jflcosO}  {« coa  0  sin  (/3' -  0) -^  ^'sin/TcosO}  rfg 
7J  A^n  3 .  sin '(|3' -  0)  -  ^'sin  iS' .  sin  (f3  -  0) 

If  we  write  the  denominator, 

A  =  6  sin  /3  sin  (j3'  -  0)  -  ^'  sin  /3'  sin  {/3  -  Q) ; 
we  shall  find,  by  expanding  the  numerator, 

jgp^/fl  =  (48) 


—  sin  ft  sin  /3'  (a  cos  ^  +  ft)  (a  cos  0  +  ft')    " 

2  V 


A 
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+  —  a»  cos  *  ^  cos  p  cos  j3  J  — - — 


w' 


a  cos  ^  X 

2  ^ 

I  («  cos  ^  +  6)  sin  /3  cos  /3'  +  (a  cos  ^  +  b')  sin  j3  cos  j3)  x 

fsin  9  cos  0  dB 


f 


A 

Previous  to  integrating  the  general  expression  for  the 
work  done  by  the  skew  quadrilateral  muscle  (48)  ;  it  will  be 
interesting  to  discuss  the  simpler  case  of  a  triangular  muscle, 
which  is  deduced  from  the  general  expression  by  reducing 
the  bone  ^4'^  to  a  point  coinciding  with  the  vertex  0.  This 
may  be  best  done  by  combining  the  general  expression  for 
the  work  done,  viz., 


fv.-!-! 


fti*  f  (g  cos  0  -t-  /  cos  B)  (g  cos  ^  ■>•  ^  cos  9)  dO 


with  the  condition,  T  «  o. 
Hence,  we  obtain, 

oi'  /*  g  cos  0  (g  cos  ^  4  /  cos  B)  dB 

7  ' 


1 8^,.=;/- 


which  becomes,  by  substituting  for  /,  its  value 

,         6  sin  3 

8in"(/:3-"ej' 
after  a  few  reductions 

[  ^  ja      ^*  gcos^(gcos^ +6)f        ^^ 
SpdB  «  —  . ■^-^ — cos  BdB,        (49) 

ni'   g'  cos  *6  cot  0  f   .    /I  ,n 

. ^ ^    sm  Bdff, 

2  o  J 

Integrating  this  expression  from  +   0  to  -  0,  the  second 
term  will  disappear,  and  we  find  for  the  work  done, 

•••    ,    ,           f  c.    ,/»        .  .    /I    « cos  0  (g  cos  0  +  6)     ,     V 
Work  done  =  1  SpdB  -  cu»  sm  B .  ^-^ ^-     ■      (50) 
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This  work  will  be  a  maximum,  when  ^  »  o,  when  it  becomes 

Therefore,  when  a  the  distance  08  (Fig.  69),  of  the  socket 
joint  from  the  vertex  of  the  triangle  is  given,  the  maximum 
effect  will  be  produced  when  the  socket  lies  on  the  bisector 
of  the  vertical  angle  of  the  triangular  muscle,  that  is,  on  a  line 
perpendicular  to  the  locus  of  socket  for  maximum  effect,  for 
axis  perpendicular  to  the  plane  of  the  muscle  considered  in 
Prop.  B.  Hence,  we  see  that  the  conditions  for  maximum 
effect  are  essentially  different  for  the  two  axes  of  rotation,  and 
that  it  is  not  possible  for  a  given  muscle  to  produce  the  maxi- 
mum effect,  by  its  rotation  of  the  bone  AB  round  both  axes 
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■// 

\ 
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y\ 
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Fig.  7 1. 

This  is  a  remarkable  result,  and  will  lead  us  to  important  con< 
sequences. 


also, 
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The  following  geometrical  construction  for  the  work  done 
for  any  position  of  the  axis  8  F,  Fig.  7 1,  is  easily  remembered, 
and  applies  to  every  case.  Describe  the  circle  XTOt  whose 
diameter  is  OX  »  6,  the  bisector  of  the  angle  made  by  the 
muscular  fibres.  From  JT,  the  point  where  the  axis  of  rotation 
intersects  the  bisector  TOXj  draw  YTa,  tangent  to  the  circle 
XTO ;  I  say,  that  the  work  done  by  the  muscle,  during  a 
small  rotation  of  the  bone  AB  round  the  axis  SY^  is  propor- 
tional to  the  square  of  the  tangent  YT.  For  the  work  done 
is  proportional  to 

a  cos  0  (a  cos  ^  +  &), 
and, 

YO  =  a  cos  ^, 

YX  =  a  cos  0  +  &, 

( YTy  =  YO  X  YX.  Euc.  iii.  36. 

Therefore, 

Work  done,  varies  as  (YTy.  Q.  E.  D. 

If  the  axis  of  rotation  be  supposed  to  move  parallel  to 
itself,  the  work  done  will  be  greater,  the  farther  off  the  point 
Yia  from  the  circle,  either  beyond  0,  or  beyond  X,  When 
it  passes  through  either  0  or  X,  the  work  done  becomes  zero ; 
and  for  positions  like  aS'I^'  lying  between  0  and  X,  the  work 
done  becomes  negative^  and  is  proportional  to  the  square  of 
the  ordinate  Y'l^;  and  the  negative  work  done  will  be  a 
maximum,  when  the  axis  of  rotation  passes  through  the  centre 
of  the  circle  XTO;  or  through  the  point  of  bisection  of  the 
bisector  of  the  vertical  an<ile  A  OB, 

The  mechanical  interpretation  of  the  preceding  facts,  is — 
I**.  That  if  the  axis  of  rotation,  round  which  the  bone  AB 
is  compelled  to  turn,  be  placed  beyond  0  or  X  in  either 
direction,  no  amount  of  contraction  of  the  muscle  can  alter 
its  position,  for  any  change  of  position  would  be  equivalent 
to  a  toial  lengthening  of  the  fibres,  which  is  impossible. 


270  ANIMAL  MKCHANICS. 

2^.  That  if  the  axis  of  rotation  pass  through  either  0  or  X 
(the  vertex  of  triangular  muscle  or  foot  of  bisector  of  vertical 
angle),  the  bone  AB  will  remain,  indifferently^  in  any  position 
in  which  it  is  placed^  for  no  work  is  done  in  altering  its 
position. 

3^.  That  if  the  axis  of  rotation  lies  between  O  and  X,  a 
contraction  of  the  muscular  fibres  will  immediately  cause  a 
motion  of  the  bone  round  the  given  axis,  for  any  change  of 
position  will  be  accomplished  by  a  total  shortening  of  the  fibres, 
which  is  possible. 

4^.  The  triangular  muscle  will  exert  a  maximum  effect 
in  displacing  the  bone  A  By  round  the  axis  passing  through 
the  socket  joint,  when  that  axis  of  rotation  bisects  the  line 
OX,  because  in  this  case  the  total  shortening  of  the  fibres  will 
be  a  maximum. 

The  positions  of  the  axis  of  rotation,  beyond  0  or  X, 
which  correspond  to  positive  values  of  the  work  done,  denote 
positions  of  stable  equilibrium,  and  the  work  done  by  the 
muscle  consists  in  forcing  back  the  bone  into  the  plane  con- 
taining itself  and  the  axis  of  rotation. 

The  positions  of  the  axis  of  rotation,  passing  through 
0  or  X,  correspond  with  positions  of  neutral  equilibrium, 
when  the  bone  and  muscle  are  indifferent  to  the  position  in 
which  they  are  placed,  and  no  work  is  done  by  the  contrac- 
tion of  the  muscle,  tending  to  rotate  the  bone  round  the 
axis. 

The  positions  of  the  axis  of  rotation,  lying  inside  Oand  X, 
which  correspond  to  negative  values  of  the  work  done,  denote 
positions  of  unstable  equilibrium,  and  the  work  done  by  the 
muscle  consists  in  pulling  the  bone  out  of  the  plane  contain- 
ing Itself  and  the  axis  of  rotation. 

All  the  preceding  results  may  be  verified,  geometrically, 
by  drawing  the  cone  described  by  the  bone  AB  round  the 
axis  of  rotation,  and  considering,  in  detail,  the  lengthening  or 
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shortening  of  the  muscular  fibres  joining  the  bone  AB  with 
the  vertex  0. 

The  preceding  investigation  leads  to  the  following  : — 

Proposition  C. 

If^  in  a  triangular  muscle  A  OBy  the  moveable  bane  AB  ro- 
tate round  an  am,  perpendicular  to  OXy  the  bisector  of  the 
angle  AOB— 

V^,  The  contraction  of  the  muscle  will  tend  to  restore  the 
bene  to  its  original  position^  if  the  cutis  of  rotation  intersect  the 
bise  'tor  OX,  beyond  eitJier  0  or  X ;  and  its  restoring  power 
will  increase  with  the  distance  of  the  intersection  of  the  axis  from 
OorX. 

2®.  If  the  ajris  of  rotation  pass  through  0  or  X,  the  contract 
Hon  of  the  muscle  can  Iiave  no  effect  in  moving  the  bone, 

3**.   Tlie  contraction  of  the  muscle  will  tend  further  to  dis^ 

place  the  bone,  if  the  axis  of  rotation  intersect  the  bisector  OX, 

between  0  and  X  ;  and  its  displacing  power  will  be  a  fnaximum 

when  the  point  of  intersection  of  t/ie  axis  bisects  the  bisector 

OX. 

In  addition  to  the  construction  shown  in  Fig.  71,  for  the 
work  done  by  the  muscle,  whether  positive  or  negative,  the 
following  construction  may  be  used,  and  is  interesting,  be- 
cause it  is  a  particular  case  of  the  construction  belonging  to 
the  general  equation  (48) 

Let  us  suppose  the  work  done  to  be  represented  by  the 
square  of  the  ordinate  of  a  curve,  whose  abscissa  is  a  cos  tp 
=  X,  Then,  by  equation  (50),  we  have,  for  the  triangular 
muscle, 

f^x^b^x).  (51) 

When  y'  is  positive,  this  is  the  equation  of  an  equilateral  hy- 
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perbola,  whose  axis  major  is  OXj  the  bisector  of  the  angle 
made  by  the  muscular  fibres. 

Let  this  hyperbola 
be  aOhy  cXd^  Kg.  72; 
then  the  square  of  any 
chord  aby  cdy  will  be 
proportional  to  the  work 
done,  by  the  contraction 
of  the  muscle,  in  rotating 
the  bone  round  the  chord 
considered  as  an  axis. 

When  y*  is  negative, 

equation  (51)  denotes  a 

circle  described  on  the 

bisector  OX  as  diameter;  and  the  square  of  the  chord  ef\% 

proportional  to  the  work  done,  by  the  contraction  of  the 

muscle,  in  rotating  the  bone  round  the  chord  ef. 

The  denominator  A,  used  in  equation  (48),  is 

A  -  6  sin  /3  sin  (j3'  -  0)  -  6'  sin  /3'  sin  O  -  fl)  ; 


Tig.  72. 


or 


where 


A  =  -4  cos  9  +  j5  sin  0, 

A  =^  {h-  b')  sin  /3  sin  3'. 

i?  =  i  sin  /3  cos  /3'  -  b'  sin  /3'  cos  /3. 

If  /}  =  o,  the  equation  (48)  becomes  much  simplified,  and  is 
reduced  to  the  following  : — 

C0S»fl(/fl 

A  cos  0 

(52) 


[^pdQ  =  — .  sin  j3  sin  /3'  (a  cos  ^  +  &)  (a  cos  ^  +  6') 


+  —  .  a'  cos*  0 .  cos  /3  cos  /3'  • 


•sin«  Or/e 


1-4  cos  9 

The  third  term  of  equation  (48)  disappears  altogether,  for 
it  consists  of  pairs  of  elements,  of  the  following  form  : — 

sin  fl  cos  OdO  sin  B  cos  OdO 

A  cos  0  +  li  sin  0     A  cos  0  -  B  smO 


or. 
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-  2B  sin  e  cos  0^0 
-4*  COS'  O'B*  sin*  0 
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and  each  sach  pair  of  elements  is  zero,  when  B  '^  o. 
The  geometrical  condition  involved  in  the  equation 

£-o 

is  shown  in  fig.  73.    Let  the  bones  AB  and  A'B>  be  produced 
to  meet  in  the  point  Q. 

0 


Fig.  73. 
If  the  condition  £  i*  o  be  granted,  then  the  point  of  inter- 
section, Q,  must  lie  somewhere  on  the  line  OQ  drawn  through 
the  vertex  0,  perpendicular  to  OX,  the  bisector  of  the  angle 
made  by  the  muscular  6bres.     For 

OQ  -  OX  tan  fi  =  OX'  tan  /3' ; 


or, 


6tan/3  -6'tan/3'«o, 
which  is  equivalent  to 

jB-  6sin/3cos/3'  -  6' sin  j3' cos  j3  »  o. 

When  this  condition  is  fulfilled,  equation  (52)  becomes, 
writing, 

T 
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CO60 


J     COS0  J     i 


Q"  cos/3co6^'.a'c<Mf^« 

If,  as  before,  we  write 

X  B  a  cos  f, 

we  obtain  the  equation  of  the  curve  the  square  of  whose  ordi* 
nate  represents  the  work  done  by  the  contraction  of  the 
muscle,  the  axis  of  rotation  corresponding  to  the  ordinate  in 
question,    lliis  curve  becomes 

or, 

y'  -  X  sin  /3  sin  ^'  (J  +  x)  (b'  f  x)  +  Fcos  /3  cos  /3'  *».  (53) 

This  is  the  equation  of  a  central  conic,  whose  major  axis  lies 
on  the  bisector  OX,  and  whose  centre  is  situated  at  a  distance 
from  0  towards  X  represented  by 

^         I  (ft4-y)  Jsin^sinff 

^  "  "  i  '  ir8in/38in/3  +Kcos^cos/3"        "^^ 

Since  X  and  Y  arc  essentially  positive,  and  since  the  con- 
dition £  B  o  requires  /3  and  /3'  to  be  both  acute,  S  will  be 
essentially  negative,  and  the  centre  of  the  conic  will  lie  inade 
the  vertex  of  the  triangle  A  OB. 

The  positions  of  the  axis  on  the  bisector  of  A  OBy  which 
correspond  to  neutral  equilibrium,  are  found  by  equating  (53^ 
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to  zero,  which  gives  the  following  quadratic,  whose  roots  de- 
termine the  positions  of  neutral  equilibrium  : — 

X  sin  j3  sin  /3'  (6  +  x)  (h'  +  a?) '+  Y  cos  /3  cos  p,jfl  =  o 

The  condition  for  real  roots  in  this  quadratic  is,  that 

X  sin  0 sin  /3M (6  -  b'^X sin j3  sin  /3'-  46ft'  Fcos/3  cos/3')  (55) 

shall  be  positive. 

If  this  condition  be  fulfilled,  and  the  points  corresponding 
to  neutral  equilibrium  be  taken  on  the  bisector  o£  AOB;  for 
all  axes  lying  outside  those  limits  the  equilibrium  will  be 
stable,  and  .the  work  done  positive,  and  represented  by  the 
square  of  the  ordinate  of  an  hyperbola  constructed  with  the 
intercept  between  the  points  of  neutral  equilibrium  as  its 
transverse  axis;  and  for  all  axes  lying  inside  the  points  of 
neutral  equilibrium,  the  equilibrium  will  be  unstable,  and  the 
work  done  negative,  and  represented  by  the  square  of  the 
ordinate  of  an  ellip9e  constructed  with  the  intercept  between 
the  points  of  neutral  equilibrium  as  its  major  axis. 

Hence  a  geometrical  construction,  similar  to  that  shown  in 
Kg.  72,  may  be  made  to  represent  the  work  done;  pro- 
vided we  replace  the  circle  and  equilateral  hyperbola  by  an 
ellipse  and  hyperbola  with  unequal  axes. 

If  the  equation  of  the  central  conic  (53)  be  referred  to  its 
centre,  as  origin  of  co-ordinates,  it  will  have  the  form 


where 


,_  Xsin /3 sin ^^  ((&^y)«Xsin/j  sin j3^-- 46ft' r cos  j3  cos /3^) 
"  4  [Xsin/3  sin/3' +  Fcos/3  C08/3') 


^     X  sin  /3  sin  /3^  ( (^  -  b'fX%\n  /3  sin  ^'  -  ^bh'Y  cos  /3  cos  fi' 
^^  "  4  {Xsin/3 sin /3'+  Fcos /3 cos /3' ) •        (51^ 


I 


TJiese  values  for  m'  and  n^  arc  essentially  positive  when  the 

T  2 
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quantity  (55)  ia  positive,  which  ia  the  condidon  necesstrj  for 
the  existence  of  real  positions  of  unstable  equilibrium. 

When  the  equilibrium  is  stable,  j^  is  positive,  and  the 
equation  becomes 

which  represents  an  hyperbola^  whose  axes  are  m  and  ii,  the 
real  axis  being  m,  and  situated  on  the  bisector  of  the  angle 
AOB. 

When  the  equilibrium  is  unstable,  y*  is  negative,  and 
the  equation  becomes 

fl   •?! 

which  represents  an  ellipse^  whose  axes  are  m  and  n;  the  axis 
m  being  situated  on  the  bisector  of  the  angle  AOB;  and 
the  maximum  value  of  the  negative  work,  corresponding  with 
the  position  of  maximum  instability  ofthemuscle,  determined 
by  equation  (54),  will  be  represented  by  n\ 
FroTii  the  preceding  equations  it  appears  that 

—  «  X  sin  |3  sin  /3'  +  Fees /3  cos  j3' ; 

or,  that  the  conjugate  axis  will  be  greater  or  less  than  the 
transverse  axis,  according  as  this  function  is  greater  or  less 
than  unity. 
I        There  are  three  distinct  cases  to  be  considered  accordbg 
as  the  expression  ($$)  is  positive,  zero,  or  negative. 
1°.  If  the  expression  (55) 

{b  -  b')  »X  sin  fi  sin  /3'  -  466' F  cos  /3  cos  /3' 
be  positive,  then  m^  and  n\  in  the  equations  (56,  57),  are  both 
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positive,  and  these  equations  will  represent,  for  all  values  of  y' 
positive  or  negative,  an  ellipse  and  hyperbola,  having  the  same 


axes. 


^^B  74- 

Let  C  be  the  common  centre  of  the  ellipse  and  hyperbola, 
fig.  (74),  found  by  the  equation  (54),  by  measuring  ofi 
00  «  S.  Take  CA  «  m  and  CB  «  n,  and  construct  the  el- 
lipse and  hyperbola  corresponding  to  these  lines  as  semi-axes, 
the  line  OX  being  the  real  axis  of  the  hyperbola.  Then,  as 
before,  the  work  done  by  the  quadrilateral  muscle  in  rotating 
the  moveable  bone  round  any  axis  06,  cd^  or  ef^  will  be  pro- 
portional to  the  square  of  these  chords  ;  and  if  the  chord  of 
rotation  intersect  the  hyperbola,  the  muscular  contraction  will 
restore  the  skew  quadrilateral  to  the  plane ;  but  if  the  chord  of 
rotation  intersect  the  ellipse,  the  contraction  of  the  muscle 
will  convert  the  plane  quadrilateral  into  a  skew  muscle ;  and 
finally,  the  contraction  of  the  muscle  will  produce  no  effect 
at  all,  if  the  axis  of  rotation  pass  through  the  extremity  of 
the  axis  of  the  ellipse  and  hyperbola. 

2^.  If  the  expression  (55) 

(b  -  ft-)  ^X  sin  p  sin  /3'  -  4**'  Y  cos  /3  cos  & 
be  equal  to  zero ;  the  semi-axes  m  and  n  will  both  become 
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zero  also ;  and  the  hyperbola  will  be  reduced  to  its  asyraptotefi. 
while  the  ellipse  disappears  altogether.     Hence*  in  this  case, 
the  equilibrium  of  the  plane  quadrilateral  muscle   wiU  be 
always  stable  for  every  axis  of  rotation,  except  that  pasung 
through  the  intersection  of  the  asymptotes ;  for  which  axis  of 
rotation  the  equilibrium  will  be  neutral ;  and,  finally,  there  is 
no  position  of  axis  possible  for  which  the  equilibrium  becomes 
unstable,  so  that  the  contraction  of  the  muscle  would  convert 
the  plane  quadrilateral  into  a  skew  muscle. 
3°.  If  the  expression  (55) 

{b  -  b')  ^X  sin  /3  sin  3'  -  4 W  Y  cos  f3  cos  /J* 

be  negative,  7/1*  and  n^  will  both  be  negative ;  and  there  is  do 
possible  position  of  the  axis  which  will  render  y'  either  zero 
or  negative.  The  construction  for  this  case  becomes  the 
following  (Fig.  75): — 


Fig.  7  5. 

Construct,  with  the  same  axes  and  asymptotes  as  before,  the 
conjugate  hyperbola,  whose  real  axis  is  CB  «  n,  on  the  line 
CJ3,  perpendicular  to  OX,  the  bisector  of  the  angle  made  by 
the  muscular  fibres.  If  a  rotation  take  place  round  any  chord 
ab^  cdy  the  work  done  by  the  muscle  will  be  proportional  to 
the  square  of  the  chord  of  rotation,  and  its  contraction  will 
always  restore  the  skew  muscle  to  the  plane,  and  the  equi- 
librium will  never  become  neutral  or  unstable. 
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In  the  three  cases  now  considered,  we  have  : 

I®.  The  axis  of  rotation  passing  through  the  centre  of  the 
conic  (56,  57)y  is  the  axis  of  maximum  instability. 

2®.  The  axis  of  rotation  passing  through  the  centre  of  the 
conic  (56,  57),  is  the  axis  of  neutral  equilibrium. 

3^.  The  axis  of  rotation  passing  through  the  centre  of  the 
conic  (56,  57),  is  the  axis  of  minimum  stability. 

The  condition  contemplated  in  the  second  of  the  foregoing 
cases,  viz.,  that  the  expression  (55) 

(b  -  &')  «X  sin  /3  sin  /3'  -  4W  F  cos  (i  cos  /3'  =  o 

may  be  readily  found.     For,  since 

b  tan  /3  =  0'  tan  /3', 


we  have 


tan  j3'  «   -■   tan  /3, 


which  reduces  (^^)  to  the  following : 

^       ^     (b-  b')'  A' 


or 


2/.'        /  .' 


When  the  angle  (i  exceeds  the  value  determined  by 
equation  (58),  the  expression  (55)  will  be  positive,  and  a 
position  of  axis  of  unstable  equilibrium  will  be  possible;  but 
when  /3  is  less  than  the  value  assigned  by  equation  (58),  the 
equilibrium  will,  in  all  cases,  be  stable,  and  there  is  no  position 
of  axis  of  rotation  which  will  render  it  unstable. 

We  shall  now  consider  the  general  expression  (48)  for 
the  work  done  by  a  quadrilateral  muscle  revolving  round  an 
axis  in  its  plane,  and  perpendicular  to  tlic  bii^cctor  of  liie 
angle  AOB^  contained  between  its  extreme  fibres. 
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If  we  write 
^  ^  fco8«0dg  y^  fain'Odg  „^  fain  0  co8  ftW 

equation  (48)  becomes,  writing  aa  before,  x  ^  a  cos  f, 

*  J^x»- jr8in/3  8in/3'(6  +  «)  (i' 4  ar) 
+  r  cos  /3  cos  /y  jr« 

-»  Zv  { sin  /3  cos  /3'  (i  +  .t)  4  sin  /3'  cos  0  (('  4 1). 

If  y'-;^}*/^* 

we  obtain,  for  the  geometrical  representation  of  the  woik 
done,  the  following  conic : 

j^  -  {Z  sin  ^  sin  ^'  +  Fcos/S  cos^  -  Zsin(^  +  ^)\  x» 

+  {(6+6')j8in/3sin^'-.Z(6sinPco8/3'  +  6'sin^'co8/3))« 
+  W  X  sin  /3  dn  fi\  (59) 

The  centre  of  the  conic, 

y*  "  Zj:*  +  Jf«  +  JV; 

is  situated  at  a  distance  S  from  the  origin,  determined  by  the 

equation 

2Lx  +  Af  -  o, 

or 

^        .    (f>  -»•  b')  Xsin  /3  sin  /3^-  Z(fc8in  /3  cos  p^  4  ft^sin  3^  cosja) 

*'     X  sin  /3  sin  /3'  +  Fcos  /3  cos  /i'  -  Zsin  (ti  4  /3') 

(60) 

Conchisions,  similar  to  those  obtained  from  equation  (53)1 
may  be  drawn  from  equation  (59). 

i^.  The  equilibrium  of  the  plane  quadrilateral  muscle  will 
be  stable  when  y*  is  positive. 

2°.  The  equilibrium  will  be  neutral  when  y' «  o. 
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3^.  The  equilibrium  of  the  plane  muscle  will  be  unstable 
irhen  y*  is  negative. 

4^.  The  stabili^  of  the  equilibrium  increases  indefinitely 
as  the  axis  of  rotation  becomes  more  and  more  remote 
from  0. 

5^.  The  instability  of  the  muscle  reaches  a  maximum  at 
a  position  of  the  axis  of  rotation  passing  through  the  centre  ^ 
of  the  conic  determined  by  equation  (6o). 

.    The  definite  integrals,   X^   Y^  Z,  are  readily  found  as 
follows.     We  have 


.-I 


cos  ^0(ie 


A  cos  0  +  ^  sin  9* 


where 


f         sin  we 

J  ^  cose  +  Bsinff 

y     f     sin  0  cos  tfrfO 
^  "*  J  ^  cos  »  +  J?  8111  fir' 

i4  =  (A  -  ft')  sin  ^  sin  /3' 

£  -  ft  sin  /3  cos  ^'  -  ft'  sin  /3'  cos  /3 


Assume 


then  we  have 


and 


£  sin  a  B  i4,         H  cos  a^  B\ 


R  «  VA^  +  L\ 


""'  E 


1  f  co8_we 

ftjsin  (a  +  0) 


i_  f   sin  'OrfO 
'  R  J  sin  (a  +  9) 


I  fsin  0  cos  Odd 


y      I  fsm  &  cos  m 
'  "  7J  J  ^n  (o  +  6) 
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Integrating  these  expressions  between  4  0  and  -  0,  we  obtain, 
after  some  reductions,  the  following  values,  which  may  be 
readily  computed,  for  given  values  of  ^  and  B: — 

V      I    (  ^  •         *    a  11         tan  4  (o  +  fl)] 

-^  ■  o  {  ^8m  a  sm  0  •!•  cos  'o  loff«. f-7 vp 

R  \  ^     tan  ^  (a  -  0;j 

«-      I    (  .    ^       •    .    1        tan  i  (o  4  0)) 

F-.^[-2smasin0  4sin»aloge.^^|^^^g;[       (61) 

„      I    (               •    n       •                  1         tan  i  (a  +  fl)| 
R  I    ^^'  o  Sin  0  -  sm  a  cos  a  log«.  -- — -j-j tj-j 

llie  best  examples,  in  Nature,  of  the  rotation,  by  means 
of  a  quadrilateral  muscle,  of  limbs  round  an  axis  passing 
through  a  fixed  socket,  and  perpendicular  to  the  bisector  oi 
the  angle  made  by  the  extreme  fibres,  are  to  be  found  in  the 
wings  of  birds,  which  are  depressed  by  the  contraction  of  the 
great  pectoral  muscle,  in  the  manner  here  considered.  I  shall 
give  a  few  examples,  to  illustrate  the  general  principles  just 
given. 

(<i).  Winp  of  the  Albatross. — In  Fig.  76,  the  bone  AB 
represents  the  origin  of  the  pectoral  muscle,  from  the  JvT' 
culum^  A^  and  atermim^  B,  and  A'B*  represents  the  insertion 
of  the  muscle  into  the  humerus  ;  both  bones  being  placed  in 
the  same  plane,  when  the  wing  is  extended,  previous  to  the 
contraction  of  the  muscle.  The  centre  of  the  shoulder-joint 
is  shown  at  S,  and  the  bone  A'B'  is  rotated,  by  the  action  of 
the  pectoral  muscle,  round  the  axis  ST^  perpendicular  to  OX 
the  bisector  of  the  angle  A  OB. 

We  are  required  to  calculate,  from  the  preceding  theory 
the  position  of  the  axis  of  rotation,  corresponding  with  the 
maximum  work  done,  when  the  system  is  in  a  position  of 
unstable  equilibrium ;  or,  in  other  words,  we  are  required  to 
find  the  centre  of  the  conic  (59). 
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The  theory  just  laid  down,  supposes  the  bones  AB  and 
j1  'fl*  to  be  straight  bones ;  and  before  applying  it  to  the  wing 
of  the  Albatross,  it  is  necessary  to  calculate  the  magnitude 


and  position  of  a  straight  bono  A''B",  which  would  bo  me- 
chanically equivalent  to  the  curved  bone  AB-     Let  AB  be 
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Kay  curved  origin  (Eig.  77)  of  a  mtut^  whose  Bbres  con- 
verge to  the  poiot  O.  The  work  done  bj  this  moacle  ia 
represented  by  |M0,  where  /  is  the  length  of  each  fibre — ud 
this  integral  is  readily  found  by  constmclion,  by  drawing  a 
number  of  radiating  lines  from  the  point  0,  and  drawing  pe^ 
pendiculsrs,  pq,  pq,  from  the  points  of  intersection  with  the 


curve  AB,  upon  the  consecutive  radiating  lines.  The  Bum 
of  alt  these  perpendiculars,  added  together,  will  be  equal  to 
the  integral  jldd,  when  the  radiaUng  lines  are  takes  sufficieotlj 
near  to  each  other. 

Let  us  draw  the  line  AB  (Hg.  76),  joining  the  extremities 
oflhc  bone  AB;  and  seek  to  find  a  right  line  A"S',  paralld 
to  AB,  and  included  between  the  extreme  fibres,  OA,  OB, 
whose  mechanical  elFect  shall  be  the  same  as  that  of  the 
curved  bone. 

The  work  inherent  in  a  triangular  muscle,  with  a  ligbt 
line  for  base,  is,  by  equation  (31),  proportional  to 


n  0  log. 


taniC^-er 


where  b  is  the  bisector  of  the  vertical  angle,  and  /3  is  the 
angle  made  by  it,  with  the  base. 
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Hence  we  have 

/J*.»»31,g,^-5-^g.  (6,) 

In  the  case  of  the  pectoral  muscle  of  the  Albatross,  I  found 
by  measurement-* 

^IdO  •  7.17  inches. 
20  -  47^. 

/3-  l29^ 

Introducing  these  values  into  equation  (62)9  and  solving  for  6, 
we  Gnd 

*  ■  ♦oT.  >./;o  .^/  -  8.1317  inches. 

sm  (i2o*»)  log«  ^ ^  o    -, 

^     ^ '     °  tan  52   45 

The  right  line-4''-B*  is  drawn,  in  Fig.  76,  parallel  to  AB^  and 
intersecting  the  bisector  OX,  at  the  distance  just  found,  from 
the  vertex  0. 

A  straight  bone,  A''J3^^  acting  as  the  origin  of  th6  quadrila- 
teral pectoral  muscle,  would  produce  upon  the  wing  bone, 
A'fff  a  mechanical  effect  similar  to  that  of  the  curved  bone, 
AB ;  but  it  would,  obviously,  cause  much  inconvenience  by 
its  awkward  shape  and  length.  Hence  we  see  the  reason  for 
the  curved  outlines  of  many  bony  origins  of  muscles,  which 
frequently  occur  in  Nature.  The  curved  bone  fits  into  a 
smaller  space,  gives  rounded  outlines  to  the  structure,  and  at 
the  same  time  produces  all  the  mechanical  effects  of  the 
straight  bones,  which  mathematicians  use  in  their  calculations  ; 
and  we  are  obliged,  in  order  to  interpret  Nature,  first  to 
translate  the  expressive  language  of  her  beautiful  and  sym- 
metrical curves,  into  the  less  perfect  language  of  the  rigid 
lines  and  bars  used  by  geometers. 


a  -  tan  ' 
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Collecting  together  all  the  measurements  of  the  wing  of 
the  Albatross,  we  have 

6  s  8.13  inches.        fi  »  129^ 

6-2.67       „  P'-    68^  20  =  47** 

From  these  we  readily  obtain  — 

i4  «  (ft  -  ft)  sin  /3  sin  /3'  -  3934 

-B  e  ft  sin  /3  cos  /y  -  ft'  sin  P'  cos  /3  =  3.925 

R  -  y/A*  +  ^  -  5.55 

,        tan  4  (a  +  9) 
'°g'tani(,-g)-'-^770 

^  1.2024  ^^ 

X- -=-  »  +  0.2166 

5'5S 

„    0.0746 

S'SS  ^ 

Z"  -  y*  -  0.0138. 

The   centre  of  the  conic  (59)  is  found  from  equation  (60), 
which  is  equivalent  to 

(ft  4-  ftp  A'  -  Z  (ft  cot  fi'  4-  b'  cot  (i) 
^  '  "  *  A  4  r  cot  /3  cot  ji'  -  Z  (cot  /3  4  cot  t3')* 

We  have,  by  the  preceding  values, 

(6  4  ft')  A  ■  10.80  X  0.2166  =  4  2.3393 
-Z(ft  cot/3'  4  ft'  cot  /3)  =  0.0138  X  I.I 2  »  4  0.0154 

Numerator^ .     .     4  2.3547 

A«= 4  0.2166 

Y  cot  ji  cot  /3'  =  0.0138  X  -  0.327  =  -  0.0045 
-  Z  (cot  /3  4  cot  /3')  =  0.0138  X  -  o  406  =  -  0.0056 
Denominaioi\  4  0.2065 
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Therefore,  finally 

8  -  -  i  0.2065  •  -  5.70  inches. 

The  negative  sign  of  S  denotes,  that  the  axis  of  rotation 
of  maximum  work  lies  at  the  near  side  of  the  vertex  0. 
Draw  PQ  perpendicular  to  OX^  so  that 

OC  e  5.70  inches, 

then  Cis  the  centre  of  the  conic  (59).  and  its  minor  axis, 
PQy  is  the  axis  of  rotation,  which  would  produce  the  maxi 
mum  work  in  the  motion  of  the  wing. 

In  order  to  construct  the  conic,  let  us  divide  equation  (59) 
by  sin  /3  sin  /3',  and  we  obtain 

sin  p  sm  p  '  ^  ^^ 

where 

i  -  i  +  r  cot  /3  cot  /3'  -  Z{coi  /3  +  cot  j30; 
^-  (ft  +  6)  X  -  Z  (ft  cot  /3'  +  V  cot  i3) ; 
N^IV  X. 

Substituting,  in  these  expressions,  the  values  already  giver 
we  obtain 

sin  //sin  /j-  "  ^-^^^  ^'  ■"  ^-355  *  +  4702. 
This  equation  gives  us,  when  y  «  o, 

*    J   «  -  5-700  +  3. 138  inches, 
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from  which  it  appears,  that  the  semi-axis  major  of  the  eUipae^ 
whose  centre  is  C  (Fig.  76),  is  3.138  inches. 

Equation  (63)  denotes  an  ellipse  or  hyperbola,  accoiding 
as  ^  is  negative  or  positive ; — that  is,  according  as  the  equili- 
brium of  the  bones  is  unstable  or  stable.  Making  y*  negatiTe, 
we  have 

y*  »  -  sin  /3  sin  /S'  (i«*  +  Mx  +  JV), 

and  this  expression  will  become  a  maximum,  and  eqaal  to  the 
square  of  the  semi-axis  minor,  when 

«-8« T""  5*7®  inches, 

which  corresponds  with  C,  the  centre  of  the  conic. 
Writing  the  equation  (63) 

we  have,  for  the  semi-axis  minor  of  the  ellipse  formed  by 

y'  «  v^  -  (ZS*  +  AfS  +  A^)  =  1.424  inches. 

The  ellipse  (y,  x)  drawn  to  scale  is  shown  in  Fig.  76;  and 
ts  equation,  referred  to  C  as  origin  of  coordinates,  is 


i^M^- 


The  work  done  by  the  muscle,  causing  the  bone  ABVi 
rotate  round  any  two  chords  PQ  and  57",  is  proportional  to 
the  squares  of  those  chords ;  and  we  may,  therefore,  compare 
the  actual  work  done  round  the  chord,  STy  with  the  calculated 
tuojrimum  round  the  chord  FQ. 
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The  point  S  is  the  observed  centre  of  the  glenoid  cavity  of 
the  shoulder  joint,  and  8T  is  the  actual  axis  round  which  the 
wing  rotates.  This  axis  of  rotation  is  placed  at  a  distance  of 
4.83  inches  from  the  vertex  0 ;  and,  as  we  have  just  seen, 
the  axis  PQ,  corresponding  to  the  imaginary  straight  bone 
A"B'^  lies  at  a  distance  from  0^  equal  to  5.70  inches*  The 
distance,  therefore,  between  the  actual  axis,  ST^  and  the 
calculated  axis,  PQ,  is  0.87  inch.  By  substituting  in  equa- 
tion (64),  for  X,  the  intercept  0.87  between  ST  and  PQ,  we 
find 


V^'424y 


0.9232, 


or 

but 

Therefore 


y«  =  I  872; 

n'  a  2.028. 

n*-y'       156         I 
n»      "  2028  '   13  ' 


or,  the  work  done  by  the  rotation  of  the  wing  of  the  Albatross 
round  its  observed  socket  differs  by  -j^th  part  from  the  cal- 
culated possible  ffKunmum  derivable  from  the  imaginary 
straight  bone  A^'B*. 

In  Proposition  C,  we  have  seen  that,  in  a  triangular 
muscle,  the  position  of  maximum  effect  of  the  axis  of  rotation 
corresponds  with  the  point  of  bisection  of  the  bisector  of  the 
vertical  angle ;  and  it  may  be  seen,  from  the  preceding  cal- 
culation, that,  in  a  quadrilateral  muscle  with  straight  bones, 
the  axis  of  rotation  of  maximum  effect  nearly  corresponds  to 
the  point  of  bisection  of  the  portion  of  the  bisector  included 
within  the  quadrilateral.  For  the  distance  from  0  to  this 
point  of  bisection  is 

«     6  +  6'     8.13  +  2.67  .    , 

o  • sa  — ^ '  «s  5.40  mches ; 

2  2 

IT 
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which  nmy  be  regarded  as  a  useful  approximation  to  the  true 
position  of  the  maximum  axis,  which  is  5.70  inches. 

'fhe  method  of  finding  a  quadrilateral  muscle,  with  straight 
bones,  equivalent  to  a  given  muscle  with  curved  bones  which 
has  just  been  given,  leads  to  difficult  calculations;  and, 
moreover,  does  not  seem  to  bring  the  calculated  axis  PQ, 
sufficiently  near  to  the  actual  axis  8T,  to  satisfy  the  require- 
ments of  exact  science ;  it  may,  therefore,  be  useful  to  give 
another  mode  of  computation,  somewhat  less  laborious,  and 
which  may  be  made  to  approximate  as  near  as  we  please  to 
the  conditions  imposed  by  the  actual  curves  formed  by  the 
bones  of  origin  and  insertion. 

llic  general  expression  (47), 


I«p^«  =  t/ 


«fei*  f(a  cos  0  4  2  cos  9)  (a  cos  ^  +  T  cos  0) 


for  the  work  done  during  a  rotation  (w)  round  an  axis  per- 
pendicular to  the  bisector  may  be  thus  written,  making 
a  cos  <p  ^  X : 

2    f  c.   j/i      f  (j?  +  /  COS  0)  (x  +  I'  cos  0) 

;,'-\^p^^''  rrp 


or 


-^  f  SpdO  =  y«=  ix»  +  Mx  +  a;  (65) 


where 


7       [    (^0        ^,      f(/  +  f )  COS  O^fl      ,,     f/r  cos  Wfl 

Now,  if  the  bones  of  the  wing  be  carefully  laid  down  to  scale, 
and  a  number  of  radii  drawn  through  the  point  0,  the  deGnite 
integrals  L,  if,  A^,  may  be  found,  by  construction,  to  any 
degree  of  approximation,  as  shown  by  the  following  example 
of  the  Albatross,  in  which  the  measurements  are  made  in 
twenty-fourths  of  an  incli :  — 


ANIMAL  MECEANICS. 


291 


Wing  of  Albatross^ 


Angle. 

/-f. 

/CO8  0. 

rco8  0. 

o* 

3« 

109 

81 

5 

88 

162 

77 

lO 

lao 

190 

73 

'5 

136 

ao4 

69 

20 

148 

*'3 

66 

«5 

170 

»3i 

61 

3° 

186 

^39 

5« 

35 

>95 

246 

5] 

40 

198 

>45 

56 

45 

'94 

231 

55 

From  these  measurements,  tbe  following  values  are  cal 
alated : — 


Wing  of  Albatross, 


Angle. 

■   I 

i-r 

(/+OCO8  0 

ir  COB  ^ 

o» 

0.03225 

6. 1219 

3S4  80 

5 

0.01136 

2.7160 

»4'.75 

10 

0.00833 

2.1917 

"5.58 

15 

0.00735 

a. 0074 

103.50 

20 

0.00675 

I. 8851 

94.98 

»5 

0.00588 

I. 7164 

8>.«3    ; 

30 

0.00538 

1.5968 

74.53 

35 

0.0051a 

1.5506 

71  76 

40 

0. 00505 

1.5202 

69.29 

45 

0.00515 

I . 4742 

65.49        j 

Sum. 

1 

0.0962 

22.7803 

1 
1104.51 

1 

Hence  we  obtain,  approximately. 


^—^=0.0962. 
u2 


-e 


292 


ANIMAL  mBCHANIGS. 


5f  = 


(/  +  D  cos  6d9 


/-i' 


22.7803. 


-f 


iV- 


U'  cos  *0(29 

^ — -  1104.51 


/-/' 


-f 


The  centre  of  the  conic, 

y«  -  i«»  +  Jf«  +  i(r,  (66) 

is  found  by  the  equation, 

*  L       :   0.0962  ^ 

«  -  4-93  inches. 

The  actual  distance  of  the  axis  passing  through  the  socket  S^ 
from  the  vertex  0,  is  4.83  inches ;  and  the  distance  calculated 
from  our  former  approximation  was  5.70  inches.  The  lesolt 
of  the  present  calculation  is  4.93  inches. 

If  m  and  n  denote  the  semi-axis  major  and  minor  of  tbe 
ellipse  {66)  we  have 


m 


■y 


M^  -  A^^N 


50-37 ; 


(67) 


n  '^m  y/L  =  15.62. 

When  expressed  in  inches,  these  values  are 

m  =  2.099  inches ; 
n  00.651      99 

The  lino  i3f,  Fig.  76,  is  the  minor  axis  of  the  conic  {6€)^  and 
it  is  distant  from  the  actual  axis  8T^  by  only  one-tenth  of  an 
inch. 

If  we  substitute  one-tenth  of  an  inch  for^r,  in  the  equation 


\  2-099/       \o-<5si/ 
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we  find 


\cx651y 


0.9773 ; 
0.4142. 


This  represents  the  amount  of  work  done  round  the  axis  ST; 
4nd  the  work  done  round  the  axis  LM  is 


n'  e  0.4238. 
n*  -  y*        96 


Hence  we  find 

n»  4238      44 

or  the  work  done  by  the  rotation  of  the  wing  of  the  Albatross 
round  its  observed  socket  difiers  by  only  ^^^^th  part  from  the 
calculated  possible  maximum  work.  This  degree  of  agreement 
between  calculation  and  observation  is  suflicient  to  satisfy  all 
reasonable  expectations. 

(6.)  Wing  of  the  Wood  Pigeon. — ^The  next  example  that  1 
shall  select  is  the  wing  of  the  Wood  Pigeon,  shown  in  Fig. 
78.  The  origin  of  the  pectoral  muscle  is  shown  at  AB,  and  its 
insertion  at  A'B\  The  angle  AOB  is  23^  and  the  socket  of 
the  wing  is  placed  at  8;  the  line  ST  being  the  axis  round 
which  the  wing-bone  revolves. 

Dividing  the  angle  AOB  into  six  equal  parts,  1  found 
the  following  measurements,  made  in  thirty-seconds  of  an 
inch  :— 

Wing  of  Wood  Pigeon. 


Anglo. 

l-^V 

/  cos  9, 

rcoed. 

o".oo' 

II 

59 

49 

5-»o 

76 

121 

45 

10.40 

96 

138 

39 

16.00 

"5 

<53 

3» 

21.20 

129 

163 

35 

26.40 

•43 

161 

33 

32.00 

156 

180 

30 

From  these  measurements  the  following   values  are  calcu- 
latcd : — 
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Wing  of  Wood  Pigeoiu 


Angle. 


o«.oo' 
5.ao 
10.40 
16.00 
21.20 
a6. 41) 
32.00 


0.09091 
0.01317 
0.01041 
0.00N69 
0.00775 
0.00699 
0.00641 


8am, 


Oa4433 


9.8182 
2.1843 

I . 8437 
1.6609 

1.5319 
I . 3567 
1.3462 


19.7449 


262.82 
71.64 
56.06 

50.55 
44- »» 
37.15 
34.61 


557.0» 


JbV  78. 
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Hence,  we  have,  for  the  centre  of  the  ellipse  (66)  — 

2i  2       0.14433 

The  distance  of  the  actual  axis  of  the  wing,  57^,  from  0  is  64, 
while  the  distance  of  the  calculated  axis  of  maximum  work 
is  68.4. 

(<?.)   fVing  of  the  Common  Heron. — ^The  wing,  of  the  Heron 
is  shown  in  Fig.  79,  where  A  Bis  the  origin,  and  A'B*  the 

.0 


Fij5.  tg. 


insertion  of  the  pectoral  muscle  ;  Sis  the  socket  of  the  wing- 
bone,  and  Sr  perpendicular  to  OX,  the  bisector  of  the  angle 
AOB^  is  the  axis  round  which  the  bone  A'B  rotates.  The 
angle  AOBis^^^^  and,  when  divided  into  nine  equal  parts 


2M 
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of  5^  each,  gives  the  following  measurements  in  thirtj-sccondi 
of  an  inch : — 

Wintf  of  llet'on. 


1 

•■              ( 

Angle. 

/-r. 

/ooe  0. 

r  cobo. 

1 

28 

47 

22 

5 

38 

55 

'9 

lO 

48 

65 

18 

>5 

65 

8. 

n 

20 

83 

99 

16 

35 

,    100 

«'3 

14 

30 

III 

1*4 

'3 

35 

III 

130 

12 

40 

126 

132 

1    «• 

4$ 

122 

«23 

10 

From  these  measurements,  I  obtained  the  following  results, 
by  calculation : — 

M^tiff  of  Heron. 


Angl 


o. 


I -I' 


O" 

5 

0.03571 
0.026^2 

10 

0.02083 

'5 

20 

o.o»539 
0.01205 

25 

0.0 1  coo 

30 
3? 

0.CC90I 
0. 00X26 

40 
45 

O.OC7C;4 

0.00819 

Sum, 


0.16370 


(/  4-  f)  cog  e 


2.4649 

36.93 

1.9474 

37. 50 

1.7292 

^4.37 

1.5077 

21. iS 

1.3855 

19.08 

1.2700 

15.82 

1 .  234* 

14.5* 

I. 1736 

12.  GO 

i.»349 

11.52 

1.0901 

10.08 

14.9375 

193.90 

! 

Ifcnce  we  find,  for  the  centre  of  the  conic  {66), 


8  =  .^.:±237S  8.^ 

0.1537 
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The  axis  PQ  is  drawn,  in  fig.  79,  at  this  distance  from  the 
point  O;  while  the  measured  distance  of  the  actual  axis  ST 
from  the  point  0  is  44. 

(d.)    W^ng  of  the  Macaw.-^The  wing   of  the  Macaw  is 
shown  in  fig.  Bo,  where  AB  is  the  origin  of  the  pectoral 


Fig.  80. 

muscle,  and  A'B  is  its  insertion.  8  is  the  centre  of  the 
glenoid  cavity,  and  ST  is  the  axis  round  which  the  wing-bone 
revolves.  PQ  is  the  calculated  axis,  corresponding  to  the 
minor  axis  of  the  ellipse  {66).  The  sjigleAOB  is  90**,  which 
I  divided  into  parts  of  10°  each,  with  the  following  results, 
measured  in  thirty-seconds  of  an  inch  : — 
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Wing  o/Mlaeaw. 


Angle. 

i-r. 

IcosO. 

rcx»9. 

oP 

4t 

39 

■         t     ' 

lO 

46 

47 

9 

aor 

54 

5« 

9 

30 

70 

77 

10 

40 

^ 

106 

10 

50 

106 

»»5 

10 

60 

114 

120 

II 

70 

i»7 

126 

II 

80 

"43 

"7 

II 

90 

iia 

91 

11 

1 

From  these  measurements,  I  obtained  the  following  re- 
sults, by  calculation : — 

Wing  0/ Macaw. 


Angle. 

I 

(/  f  r)  ooe  0 

o* 

0.02381 

1.1191 

7.43 

10 

0.02174 

I. 2174 

9.19 

20 

0.01852 

1.2407 

9.66 

30 

0.01415 

1.2429 

11.00 

40 

0.0 1041 

I . 2084 

11.04 

50 

0.00943 

I. 1793 

10.85 

60 

0.00877 

I. 1491 

11.58 

70 

0.00787 

1.0787 

10.91 

80 

0.00699 

0.9650 

9.76 

90 

0.00893 

0.9196 

9.75 

Sum, 

0.13063 

u.32oa 

101.17 

iicnce  we  find,  for  the  distance  of  the  centre  of  the  Conic 
{66)j  from  the  vertex  0, 

8  *  -  i   — ^"T-  =  "  43-333- 

The  actual  distance  of  the  axis  ST^  passing  through  the 
socket  S,  is  45. 
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(d.)   Wing  of  the  Pheasant. — In  the  wing  6f  the  Phea- 
nty  fig  (81).  the  angle  AOB  is  45^  which  I  divided  into 

.0 


F%.  81. 

ne   equal  parts,   and  made  the  following   measurements, 
thirty-seconds  of  an  inch : — 


Wing  of  Pheasant, 


Angle. 

/-/. 

/cotO. 

rcO8  0. 

00 

*3 

5« 

39 

5 

40 

68 

27 

10 

66 

87 

22 

15 

74 

;:i 

20 

ao 

100 

17 

>5 

120 

135 

15 

30 

163 

177 

14 

35 

183 

184 

»3 

40 

199 

20a 

II 

45 

ai6 

211 

10 
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From  these  messarements,  the  following  results  were  ob- 
tained by  calcnlat'on : — 

IFing  o/Pkeasani. 


1 

(/  4^  0  «»  ^ 

IT  cos  *e 

Angle. 

i-r 

/-r 

/-r 

o» 

0.0769a 

6.231 

"53  00 

5 

0. 02500 

2.750 

45.90 

lO 

0.01515 

«-5'5 

29.00 

•> 

0.0135 1 

1.689a 

28.38 

20 

0.01000 

1-3500 

20.06 

»5 

0.00833 

•    1.1500 

16.88 

30 

0.00614 

1.1717 

15  ao 

35 

0.00547 

1.0765 

13.07 

40 

0. 00503 

1-0704 

II.  16 

45 

0.00463 

1.0231 

9  77 

.Sum, 

OJ70I8 

isusaos 

342.42 

Iloncc,  the  axis  PQ,  passing  through  the  centre  of  the  Conic 
(66),  lies  at  a  distance  from  the  vertex  0,  equal  to — 

s_     1    '9580?   _      .,  „ 

llie  actual  distance  of  the  axis  57*  is  51. 
In  equation  {66), 

the  ajcis  OX  will  not  intersect  the  conic  in  real  points  unless 

be  positive.  This,  therefore,  becomes  the  condition  for  the 
existence  of  axes  of  unstable  equilibrium,  and  for  the  existence 
of  the  ellipse  of  unstable  equilibrium.  We  are,  therefore,  bound 
to  ascertain  that  this  condition  is  fulfilled  in  the  wings  of  the 
birds  already  investigated.  The  following  Table  shows  tfiat 
they  all  satisfy  this  test : — 
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CandUion  of  Unstable  Equilibrium  in  the  Wings  of  Birds. 


Bird. 

L 

M 

N 

jf « -  4  x-y 

Albatrose,     .    . 

0.0962 

22.78C3 

1 104.5 1 

+    93-9» 

Woodpigeon,     . 

0.14433 

» 9-7449 

55705 

+    68.27 

HdroOy     •    •    • 

o.»537o 

14.9375 

193.90 

+  103.90 

Macaw,    •    •    . 

0.13062 

11.320a 

101.17 

+    75-»7 

Fbeasant,.    •    • 

C.17018 

• 

19.5805 

34a.4» 

+  150.  ^9 

He  positive  values  in  the  last  column  of  this  Table  show, 
that  in  every  case  there  exists  a  real  axis  oimaximxim  insta' 
hiUtyy  or  tendency  in  the  plane  muscle  to  become  skew. 

If  we  compare  together  the  preceding  examples,  and  bear 
in  mind  the  necessary  errors  of  observation,  and  also  that  we 
have  been  compelled  to  employ  summation  instead  of  integra- 
tion,  so  that  our  results  are  only  approximations ;  there  can 
be  no  doubt  that,  in  the  wing  of  the  bird,  the  socket  of  the 
humerus  is  so  placed,  in  relation  to  the  origin  and  insertion 
of  the  pectoral  muscle,  as  to  produce  the  maximum  amount 
of  work  possible  by  the  contraction  of  that  muscle. 

From  all  the  preceding  cases  and  calculations,  we  are 
entitled  to  lay  down  the  following : — 


Proposition  D. 

When  a  quadrilateral  muscle  unites  any  ttco  hones  whatever^ 
and  motion  takes  place  round  an  axis  lying  in  their  plane,  and 
perpendicular  to  the  bisector  of  the  angle  made  by  their  extreme 
fibres  ;  two  points  may  be  found  on  that  bisector^  such  that — 

i^.  If  the  axis  of  rotation  lie  outside  these  points^  the  con^ 
traction  of  the  muscle  unll  tend  to  replace  the  bones  in  the  same 
planCy  and  their  equilibrium  unit  be  stable. 

a".  Iftlie  axis  of  rotation  pass  Hirough  either  of  these  points^ 


dm  ^ttminetium.  'if  dk  mmmLt  n9  ftvdmm  ■»  ^fett,  mad  de 
<pgfiniwiii  of  tit  Soim  wtiB  ir  flrairaL 

3f*.  j^'dbr  «»  ^ntatiam  Sk  mmit  d^mpaiasUf  tke  comirat' 
turn  aftSu  w—i  fit  wSL  imd  it  fOMBBrf  fir  plame  gmtdnldtend 
mta  i^t/um  wamda^  maJ  tku  €^Ki  miM  ie  m  wmjnmuBm,  witmiAi 
astm  pamHM  tknmgk  At  fmmi  mmtmajf  fafaiBM  AtaepomU;  mtl 
Ait  ^tLtbrrum  of  At  iamm  mB  k  mmfkAlL. 

Tbe  Dmne  Afdufiecl  of  the  Unrcne  hss  placed  die  txis 
of  rocuzoiL  of  c&e  wiiigii  of  bicdi  is  the  positiioii  of  tnA-rimnm 
wTsrk,  or  so  tiLtt  a  gnrea  aiBaicwf  of  work  shall  be  performed 
bj  the  mmziinm  annwi  of  mnscle;  wliick  is  in  conformity 
wiiiL  dte  **  Principle  of  Least  Action**  obaerrable  in  all  de- 
partments of  Xstsre.  Henee  we  naj  regard  the  Postolate 
of  page  23S  sa  prored  £br  this  daas  of  mosdeSy  and  as  ihiis 
haring  ad£tkmal  pcntiahiRties  in  its  &Toiir. 

In  Propo6tic«s  A  and  By  we  hare  conddered  the  case  of 
two  bones,  Ijring  in  the  same  plane,  and  united  by  a  qnadii- 
Literal  sheet  of  moscle,  one  bone  bdng  soppoeed  fixed^  and 
the  other  compelled  to  torn  roimd  an  axis  of  rotation  perpen- 
dicular to  the  plane. 

In  Propositions  C  and  D,  we  have  considered  the  same 
case,  when  the  axis  of  rotation  lies  in  the  original  plane  of  the 
quadrilateral  muscle^  and  is  perpendicular  to  the  bisector  of 
the  muscular  fibres. 

In  order  to  complete  the  consideration  of  the  action  of  the 
muscle,  when  the  bone  rotates  round  any  axis  whatever,  we 
shall  now  consider  its  action  when  the  bone  rotates  round  an 
axis  perpendicular  to  both  the  former  axes  of  rotation;  that 
is  to  say,  when  the  rotation  of  the  moveable  bone  takes  place 
round  an  axis  parallel  to  the  bisector  of  the  muscular  fibres. 

Let  AB  and  AB  (Fig.  82)  be  the  bones,   and  let  the 

same  notation  be  used  as  before.     Let  S  be  the  socket  of  the 

joint,  and  SZ  the  axis  of  rotation,  parallel  to  OX,  the  bisector 

of  the  angle  made  by  the  fibres.     Draw  5 F  perpendicular  to 

VOX.  and  let 
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OS  ma 

Oa  -  / 

T08"  0 

Oa'  •  t 

aOX  .  e 

Fig.  8a. 

Lei  the  point  a  be  moved  to  the  point  b^  by  a  rotation  {w) 
round  the  axis  SZ.    Then,  if 

Sa  ^  A  bSa'  «  y         . 

-So'  -  ^'  aSZ  «  (T 

aSaf  =  a 

we  have,  since  A  and  A'  are  constant, 

/?  -  aa'  ■»  v/-4'  +  -4'*  -  2  A  A'  cos  ;r; 

|/  -  Ja'  "  v^  -4'  +  -d^ '  -  2-^  -^'  cos  y. 

If  we  describe  a  sphere 
round  5  as  centre,  we  shall 
have  (Fig.  83), 


=    <T 


Sa 

zs 

Sl> 

an' 

= 

T 

ha' 

« 

y 

bSa 

e 

i». 

Fig.  83. 
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From  the  spherical  triangle  £&a^y  we  find 


cos  y  m  COB  M  sin  <r  sin  (<r  +  x)  +  cos  <r  cos  <r  -«•  x ; 
or,  when  m  is  a  moderately  small  angle. 


w* 


cos  y  «•  cos  X .  sin  <r  sin  (<r  4-  «). 

Substitudng  this  value  in  the  prececUng  equations,  we  find 

y  -p  ^ .  sin  9  sm  (<f  +  «). 

2    p 

Now,  it  is  easy  to  seCi  from  fig.  82,  that 

^  sin  <r  -  a  sin  ^  +  2  sin  0 ; 
il  sin  (<r  +  x)  a  a  dn  ^  +  r  sin  0 ; 
p  «  i  -  P. 
Hence  we  obtain 

cii'  (a  sin  6  +  /  sin  0)  (a  sin  ^  +  /^  sin  0)    ...v 

p  "P^-' ' fzf — '»  ^^^' 

and,  finally,  for  the  work  done,  by  a  rotation  round  SZ^ 
through  the  small  angle  oi — 

f«    ,/»     w'  f  («  sin  A  +  /  sin  0)  (a  sin  <h  +  P  sin  0)  dO    .,  , 
8^fl  =  _jv 2 LL__?! ^.(69) 

If  we  substitute,  in  this  equation,  the  values  of /and  /'given 
in  page  266,  and  follow  the  method  there  employed,  we  obtain, 
finally, 

IpdQ  =  —  a«  sm  *^  sin  /3  sin  jS    — - — .  (70) 

H  —  (^  sin  /3  -  a  sm  ^  cos  p)  (6  sm  p  -  a  sin  0  cos  p')    — - — 

<«''     •      i/i     2/\   •    /!#  •    0/        •    JL   •    /o    r>»x»p3in0cosft/tf. 
-t  — a  sm  0 1  (o  +  h)  sin  p  sin  p'  -  asm  0  sin  (p  +p  ) !  I ^r 
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This  expression  might  be  integrated  in  terms  of  the 
definite  integrals,  X^  T^  Z  (p.  282),  and  the  whole  theory  of 
work  done  by  plane  quadrilateral  muscles  deduced  from  it ; 
bat  we  shall  obtain  results  more  in  accordance  with  the  actual 
oirenmstances  of  nature,  by  using  the  method  of  differences, 
as  employed  in  the  discussion  of  the  wings  of  birds.  Previous 
to  adopting  this  method,  however,  it  is  worth  while  to  apply 
equation  (69)  to  the  simple  case  of  a  triangular  muscle,  which 
ofVen  occurs  in  nature. 

Making  f  »  o,  and  substituting  for  I  its  value, 


b  sin  /3 
sin  (0  -  iff 


we  find 


2 


ipdO  «  a  sin  0 


(a  sin  ^  -f  /  sin  f))  dd 

-a 


-J—; — ?|{a8in^sinj3co86  f  (6sin/3  -asin^  cos /3)  sin  0\  dO 
■  2a*  sin*  ^  sin  d 

or, 

^  jn     ^*  ^'  sin*  0  sin  0  .     . 


1 


b 


From  this  expression  for  the  work  done  by  a  triangular 
muscle,  when  rotated  round  an  axis  parallel  to  the  bisector  of 
its  vertical  angle,  we  obtain  the  following  conclusions : 

1®.  If  the  vertical  angle  and  bisector  of  the  muscle  bo 
given  (tf,  6),  the  work  done  will  be  independent  of  the  position 
of  the  bone. 

2*.  The  work  done  varies  as  the  square  of  the  distance  of 
the  axis  of  rotation  from  the  bisector. 

X 
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3^.  For  the  bisector  itself,  taken  as  axis  of  rotation,  the 
equilibrium  of  the  muscle  is  neutral^  and  for  all  other  positions 
it  is  stable^  and  never  becomes  unstable. 

If  we  compare  these  results  with  the  corresponding  results 
for  rotation  round  axes  perpendicular  to  the  bisector  of  the 
angle  of  the  muscular  fibres  (pp.  269,  270),  we  see  veiy  im- 
portant consequences,  which  may  be  thus  stated : — 

Proposition  E. 

No  triangular  muscle,  by  the  contraction  of  its  fibres,  can 
compel  the  bone  that  forms  its  base  to  revolve  round  an  aait  of 
rotation  lying  in  the  plane  of  the  muscle^  unless  the  socket  oftks 
joint  lie  between  the  perpendiculars  draum  at  each  extremitjj  of 
the  bisector  of  the  vertical  angle  of  the  muscle* 

For,  if  the  rotation  be  resolved  round  two  rectangular  axes, 
parallel  and  perpendicular  to  the  bisector,  the  equilibrium  of 
the  muscle,  with  respect  to  the  first  component  axis  of  rota* 
tion,  is  always  either  stable  or  neutral ;  and,  with  respect  to 
the  second  component  axis  of  rotation,  the  equilibrium  is  also 
either  stable  or  neutral,  unless  the  axis  lie  between  the  per* 
pendiculars  drawn  at  each  extremity  of  the  bisector. 

I  have  already  shown,  in  the  latissimus  dorsi  of  Man,  of  the 
Tiger,  and  of  the  Albatross  (pp.  246,  249,  256),  and  in  the 
hamstring  muscles  of  the  Tiger  (p.  258),  that  the  socket  of 
the  joint  is  placed  upon  the  perpendicular  at  the  vertex  to  the 
bisector  of  the  muscle,  and  that  the  object  of  that  arrangement 
is  to  produce  the  maximum  amount  of  Work  possible  by  a 
rotation  round  an  axis  perpendicular  to  the  plane  of  the  muscle. 
It  follows  from  Prop.  E,  that  these  muscles  can  produce  no 
rotation  whatever  round  any  axis  lying  in  the  plane  of  the 
muscle. 

These  muscles  are,  therefore,  intended  to  cause  rotation 
round  one  axis  only,  and  to  do  so  with  a  maximum  amount 
of  useful  work. 
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Thb  consideration  affords  us  a  glimpse  of  the  reason  why 
so  many  moscles  are  made  to  act  in  yarious  ways  round  the 
Bboulder  and  hip  joints  of  animals  ;  each  muscle  is  intended 
to  produce  a  rotation  round  some  axis  or  definite  group  of 
Wkxes  ;  and,  in  order  to  enable  it  to  do  so  with  maximum  effect, 
its  power  to  cause  rotations  round  other  axes  is  taken  away.* 

We  shall  now  consider,  in  detail,  the  case  of  rotation  round 
an  axis  parallel  to  the  bisector,  with  respect  to  the  five  birds 
already  discussed. 

If  we  expand  equation  (69),  writing 

urj 
y  m  a  sin  ^, 

j:«-Py«+Qy+/?;  (7a) 


we  find 


where 


p       f  ^»   .       0      {(l±n^e,      J.       f«'8in» 


e 


Equation  (72)  represents  a  central  conic,  whose  centre  lies 
upon  the  axis  of  y,  on  the  perpendicular  drawn  at  0,  to  the 
bisector  OX,  and  at  a  distance  from  0,  determined  by  the 
equation 

2Py^Q''  o.  (73) 

When  the  equation  (72)  is  referred  to  axes  of  co-ordinates 
passing  through  the  centre,  it  becomes 

±-^  =  ^-1,  (74) 

*  May  not  the  remarkable  aimilarity  in  the  bones  and  muscles  of  various 
ftyiftnWIa,  in  corresponding  parts  of  their  structure,  be  the  result  of  some  such 
geometrical  and  mechanical  necessity,  foreseen  by  the  Divine  Contriver,  instead 
of  being  the  result  of  common  descent  from  a  remote  ancestor  possessing  a  similar 
anrangement  of  bones  and  muscles  ? 

x2 
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(75) 


When  i;*  is  positive,  equation  (74)  represents  an  hyperbola, 
and  the  equilibrium  of  the  muscle  is  stable ;  and  when  i*  is 
negative,  equation  (74)  represents  an  ellipse,  and  the  equili- 
brium of  the  muscle  is  unstable- 

If  P,   Q,  /2,  be  positive,  it  is   evident  from  (75)  that 
m^  and  n'  will  have  the  same  sign  as 

and  if  this  quantity  become  negative,  the  ellipse  represented 
by 


ftV 


n' 


will  be  imnginary ;  or,  in  other  words,  there  will  be  no  axis 
of  unstable  equilibrium  possible. 

(a.)  Wing  of  the  Albatross.  —The  following  measurements, 
taken  from  the  wing  of  the  Albatross,  are  made,  as  before,  in 
twenty-fourths  of  an  inch : — 


Wing  of  Albatross, 


Anglo. 

3' 

/sine 

rdn  9 

0" 

+  48 

+  3? 

5 

8S 

+  54 

+  a6 

10 

lao 

+  45 

+  18 

»5 

.36 

+  30 

+  10 

10 

148 

+  11 

+    4 

•5 

170 

-    6 

—    a 

30 

186 

-28 

-    7 

35 

'95 

-5a 

—  la 

40 

198 

-74 

-17 

45 

194 

-  103 

-*5 
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From  these  values  we  can  calculate  the  following  Table : — 

Wing  of  Albatross* 


I 

*  (/  +  I')  sin  9 

U'ean^e 

Angle.' 

i-r 

l-  i' 

/-*' 

o« 

0.03225 

+  a. 6774 

54  20 

5 

0.01136 

+  0.9091 

«5.95 

lO 

0.00833 

+  0.5250 

6.75 

»5 

0.00735 

4-  0. 2941 

2.20 

ao 

0.00675 

+  0. 1081 

0.33 

a5 

0.00588 

-  0.0471 

0.07 

30 

0.00538 

-0  1882 

'.05 

35 

0.0051a 

-  0.3282 

3.20 

40 

0.00505 

-0.4596 

6.35 

45 

0.00515 

0.6598 

13.27 
103.37 

Sum, 

0.0962 

2.8308 

llie  sums  here  given  are  the  quantities  P,  Q,  i2 ;  and  it  will 
be  observed  that  the  elements  of  Q  have  opposite  signs  at 
each  side  of  the  bisector,  so  that  its  value  is  the  difference  of 
two  groups  of  elements,  and  not  the  sum,  as  in  the  corre- 
sponding quantity — 

((i+jyooso 
'  '  i-i' 


Hence  we  are  not  surprised  to  find  that 

from  which  we  obtain,  by  equation  (75;, 

n'  =  - (29.29)*, 

m»«-(9.o8)^ 

As  these  values  are  both  negative,  equation  (72)  will 
represent  an  hyperbola,  whose  transverse  axis  is  parallel  to 
the  axis  OX,  and  whose  centre  lies  upon  0  Y,  as  shown  in 
Fig.  84.  The  centre  of  this  hyperbola  is  found  from  equa- 
tion (73), 

^Py  +  <2  =  o ; 
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'  0.0962  ' 

TheactutldiaUiiceofthe  socket 5,  from  the  line  OY,  is  jjihs 
of  an  inch. 


Fig.  84- 
In  Fip,  84,  I  have  drawn  carci'ully  to  scale,  for  the  win 
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of  the  Albatross,  the  two  conies  represented  by  the  equa- 
tions, 

^  -  Py'  +  Qy  +  i?, 

referred  to  OX  and  OY  as  co-ordinate  axes. 

The  ellipse  whose  centre  is  C  may  be  called  the  ellipse  of 
instabilUy^  and  the  axis  of  rotation,  LM^  passing  through  its 
centre,  is  the  CLxis  of  maximum  instability.     The  hyperbola 
whose  centre  is  D  may  be  called  the  hyperbola  of  stability^ 
and  the  axis  of  rotation,  PQ,  passing  through  its  centre,  is  the 
axis  of  minimum  stability.    The  intersection  of  these  two  axes, 
Z,  determines  the  exact  position  of  the  centre  of  the  socket 
of  the  shoulder  joint,  which  fulfils  the  conditions  imposed  by 
the  principle  of  '*  least  action ;"  because  if  the  wing  rotate 
round  any  axis  passing  through  this  point,  and  lying  in  the 
plane  of  the  muscle,  the  contraction  of  the  muscle  will  produce 
a  maximum  amount  of  work  done,  by  the  component  rotation 
parallel  to  OX  ;  and,  although  the  contraction  of  the  muscle 
cannot  produce  any  rotation  round  an  axis  parallel  to  OV, 
yet,  if  any  such  rotation  take  place  from  external  causes,  the 
contraction  of  the   muscle  will  restore   the  bones  to   their 
original  positions,  with  the  minimum  amount  o£  work" lost 

The  near  approach  of  the  calculated  socket  Z  to  the 
observed  socket  /S  is  a  proof  of  the  truth  of  the  Postulate 
(p.  238) ;  and  we  shall  see  that  the  wings  of  the  remaining 
birds  confirm  the  conclusion  here  drawn. 

(6.)  fVing  of  the  Wood  Pigeon, — The  following  measure- 
ments on  the  Wood  Pigeon  and  other  birds  are  made  in  32nds 
of  an  inch :— 


ni2 
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Wing  of  Wood  Pigeon, 


Angle. 

/-/'. 

Ism  6 

/'binO. 

o'.oo' 

1 1 

+  19 

4  16 

5  .»o 

76 

+  »3 

+    8 

to  .40 

96 

+  '3 

+    4 

16  .00 

i»5 

0 

0 

21  .20 

129 

-  »5 

-    3 

26  .40 

'43 

-3» 

-    5 

32  .00 

1S0 

-49 

t 

-    8 

From  these  values  the  following  Table  is  calculated  : — 


Wing  of  Wood  Pigeon. 


Angle. 

1 

(/+/')  sin 0 

1 

00.00' 

5  'io 
10  .40 

16  .00 

21  .20 

26  .40 

32  .00 

0. 0909 1 
0.01317 
0.01041 
0  00869 

0.00775 
0.00699 
0.00641 

+  3. 1818 

+  0.4080 

+  0. 1770 

0.0000 

-  0.1393 

-  o-»5'7 

-  0.3166 

27.64 
2.42 

0.54 
0.00 

0.35 
1.08 

2. 18       1 

1 

Suit 

1 
1,     0-14433 

3-0692 

1 
1 

34*21       1 

From  these  values,  we  can  readily  calculate, 

Q*-4/^iZ  =  -10.391. 

Since  this  quantity  is  negative,  the  equilibrium  of  the  wing 
is  always  stable,  with  respect  to  axes  of  rotation  parallel  to 
OY. 

The  position  of  the  axis  o(  minimum  stability  is  found  as 
before, 

e  =  i  ^ — :ii^—  =  1060. 
0.14433 
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The  actual  distance  of  the  socket  S  from  the  line  OF  is 
^nds  of  an  inch. 

(c.)   Wing  of  the  Heron. — ^The  following  measurements  wer 
made  upon  the  wing  of  the  Heron,  in  32nd8  of  an  inch. 

Wing  of  Heron . 


Anglo. 

UV, 

/  sin  e. 

/  sin  a. 

Qo 

a8 

+  21 

•  9 

5 

38 

+  18 

-f  6 

lO 

48 

4  16 

H  4 

'5 

6s 

■\  II 

+  3 

lO 

«3 

^    5 

+  1 

25 

100 

-    4 

-  I 

30 

III 

-  16 

-  2 

35 

121 

,       -  28 

-  3 

40 

126 

!       -  4» 

-4 

45 

122 

i       -  50 

i 

-  5 

From  these  measurements,  the  following  Table  is  calcu- 
lated  : — 

Wing  of  Heron, 


Angle. 

I 

(/+/')  sin  0 

//'  Bin'  0 

l-C 

/-r 

o* 

0.03571 

+  1.0714 

6.75 

5 

0.02632 

+  0.6316 

2.84 

10 

0.02083 

+  0.4166 

«-33 

«5 

0.01539 

+  o.a'54 

0.51 

20 

0.01205 

-^  0.0723 

0.06 

*5 

o.otooo 

-  0.0500 

0.04 

30 

0.00901 

-  0. 162a 

0.29 

35 

0.00826 

-  0.2562 

0  70 

40 

0.00794 

-  0. 365 1 

«  33 

45 

0  00819 

-  0.4508 

2.05 

Sum 

I,     0-16370 

1-X230 

16*90 

From  tlicse  values,  we  find, 


%•-^PA••-8.sl4, 


{ 
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showing  that  the  equilibrium  is  always  stable,  and 

0-I537     ^ 
The  actual  distance  of  the  socket  from  OY\s  /^nds  of  an 
inch. 

(d.)   Wing  of  the  Macaw. — The  following  measurements  on 
the  wing  of  the  Macaw  are  made  in  32nds  of  an  inch  : — 

Wing  of  Macaw. 


Angle. 

/-/• 

/sinO 

TsiiiO 

©• 

42 

+  39 

+   9 

lO 

46 

+  33 

+   6 

20 

54 

+  »? 

+    4 

30 

70 

+  11 

+    a 

40 

96 

+    9 

+    I 

50 

106 

—  10 

-    2 

60 

114 

-  3a 

-   3 

70 

"a? 

-59 

-  4 

80 

«43 

-89 

-   8 

90 

III 

-91 

-  10 

From  these  measurements,  the  following  Table  is  calcu- 
lated : — 

Wing  of  Macaw. 


Angle. 

I 

l-P 

(/  +  /•)  sin  0 

//'  sin  *e 

00 

0.02381 

+  I. 1428 

8.36 

10 

0.02174 

+  0.8480 

4- 30 

ao 

0.01852 

+  0.5741 

2.00 

30 

0  01415 

+  0.3286 

0.60 

40 

0  01041 

+  0. 1042 

0.09 

50 

0.00943 

-  0. 1132 

0. 19 

60 

0.00877 

-  0. 3070 

0.84 

70 

0.00787 

—  0.4960 

1.86 

80 

0  00699 

-  0  6783 

5.00 

90 

0.00893 

-  0.9018 

8.12 

1 

31-36 

Sue 

n,     0-13062 

0*6014 
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Prom  these  values,  we  find 

Q»-4Pi?  =  - 16.134, 
showing  that  the  equilibrium  is  always  stable  ;  and 

^     .   0.5014 
S  =  i  — ^ — ^=  1.92. 
*  0.13062 

The  actual  distance  of  the  socket  from  the  axis  OF  is  ^|nds 
of  an  inch. 

(e.)  Wing  of  the  Pheasant — The  following  measurements 
were  made  on  the  wing  of  the  Pheasant,  in  32ndd  of  an  inch  : — 


Angle. 

/-/'. 

/sine. 

/  flin  0'. 

o«> 

>3 

+  22 

+  i6 

5 

40 

+   22 

+    9 

10 

66 

+  20 

+    5 

»5 

74 

+  i4 

4     3 

20 

too 

+    6 

+    I 

25 

120 

-    5 

—    I 

30 

163 

-»3 

—    2 

35 

183 

-4» 

—    2 

40 

199 

-63 

-    3 

45 

2t6 

-85 

-    4 

From  these  measurements  the  following  Table  is   con- 
structed : — 

Wing  of  Pheasant 


Angle. 

I 

(/+/')  Bine 

W  Bin*  e 
l-V 

l-V 

00 

5 
10 

>5 

20 

25 

30 

35 
40 

45 

0. 07692 
0.02500 
0.01515 
0.01351 

0  OIOOO 

0.00833 
0.00614 

0. 00547 
0.00503 
0. 00463 

+  a. 9231 

+  0. 7750 
+  0.3788 
+  0. 2300 
+  0.0700 
-0.0500 

-  o- '533 
-0.2404 

•-  0.3316 

-  0.4120 

27.07 

4  95 
i.5i 

0  06 
0.04 
0.28 
0.49 

0.95 
'59 

Sun 

Q,     0.170X8 

3.1806 

37.61 
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From  these  values  we  find 


showing  that  the  equilibrium  is  always  stable,  and 

S.i     3-I896  „-,, 

The  actual  distance  of  the  socket  from  the  line  OF  is  |^nds 
of  an  inch. 

Collecting  together  into  one  Table  the  co-efficients  of 
equation  (72),  we  obtain — 


Bird. 

P 

Q 

M 

Q*  -  aPR 

Albatross,   .     . 
Wood  Pigeon, . 
Horon,  .     .    . 
Macaw,  .     .     . 
Pheasant,    .     . 

0.09620 

0.14433 
0. 15370 

q.  1306a 

0. 17018 

a. 8308 

3.059* 
I. 1230 

0.5014 

3.1896 

103. 37 
34.  ai 
15.90 

3'. 36 

37.5' 

-3«.763 

-  10.391 

-  8.514 
-16.134 
-15.361 

From  the  foregoing  investigation,  it  appears  that  Prop.  E 
may  be  extended  to  the  curved  quadrilateral  muscles  which 
form  the  great  pectoral  in  the  wings  of  birds,  and  that  the 
contraction  of  the  muscle  cannot  produce  a  rotation  of  tlie 
wing  round  any  axis  lying  in  its  plane,  unless  the  socket  o' 
the  joint  be  placed  somewhere  in  that  plane  lying  betweer 
the  tangents  drawn  to  the  ellipse  of  instability  at  the  extremities 
of  its  diameter  on  the  line  OX,  which  bisects  the  angle  formed 
by  the  fibres  of  the  muscle. 

The  exact  position  of  this  socket,  required  to  fulfil  the 
conditions  oi  maximum  work  done  and  minimum  work  losty  is 
found  by  the  intersection  of  the  axes  of  maximum  instability 
and  minimum  stability. 

The  difTcrence  between  the  calculated  and  observed  posi- 
tions of  these  two  axes  is  shown  in  the  following  Table : — 
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Difference  between  Calculation  and  Observation  in  the  position 

of  tlie  Socket  in  the  Wings  of  Birds. 


Bird. 

AxiR  of  maximum 
instabiUty. 

Azifl  of  minimum 
stability. 

Albatross,      .     .    . 
Wood  Pigeon,    .     . 
Heron,      .     .     •    . 
Macaw,    .... 
Pheasant,      .    .    . 

o.  lo  inch. 

0.14    „ 
0.05    „ 

0. 20    „ 

0. 30  inch. 
0.27    „ 
O.IO     „ 
0.41     „ 
0.15     n 

Mean  Error,       0.126  inch. 

0.246  inch. 

The  di£ferences  between  calculation  and  theory  shown  in 
the  foregoing  Table  (one-eighth  and  one-quarter  of  an  inch) 
are  not  greater  than  should  be  expected  in  such  a  class  of 
observations.  It  may  be  noted,  also,  that  the  mean  error  in 
the  calculation  of  the  axis  of  maximum  instability  (which  is  the 
more  important  of  the  two  axes)  is  only  half  the  mean  error 
in  the  calculation  of  the  axis  of  minimum  stability. 

We  have  seen  by  Prop.  E,  applied  to  the  shoulder  and 
hip  joints  of  various  animals,  that  muscles  intended  to  produce 
the  maximum  work  by  rotation  round  axes  perpendicular  to 
their  plane  are  incapable  of  producing  a  rotation  round  any 
axis  lying  in  their  plane.  Let  us  now  inquire  how  muscles 
like  those  of  the  pectoral  muscles  of  birds,  intended  to  produce 
the  maximum  work  round  an  axis  lying  in  their  plane,  behave 
with  regard  to  the  axis  of  rotation  perpendicular  to  their  plane 
drawn  through  the  socket  of  the  shoulder  joint. 

It  will  be  readily  seen,  by  reference  to  the  proof  given  of 
equation  (44),  Prop.  B,  that  it  is  independent  of  the  shape  of 
the  bones,  whether  straight  or  curved  ;  so  that  if  it,  0,  0,  be 
given,  there  are  an  infinite  number  of  muscles  capable  of  pro- 
ducing the  same  work.     This  equation — 

Work  done  =  2kiw  sin  ^  sin  fl, 


318 


thcfclbfe  be  appfied  diiecllj  to  calrnkte  the  work  done 
hj  the  peetoval  Himcto  of  birdt.  nKmd  the  axis  pajwing 
duoogli  the  socket  crf'tfae  dioiilder  joint,  sod  perpoidiciiUr 
to  the  phae  oi  the  mnscle.  The  mmxiniom  woric  possible 
woaU  be  obtsined  bj  pbciiig  the  socket  upon  the  perpendi- 
colsr  to  the  bisector  drawn  St  the  Tertex  O,  sod  ooneqKmds  to 

Msximom  work  «  liSv  sin  0. 


Hence  we  hsve. 


Work  done 
Msximom  work 


»  sm  f. 


(76) 


Bj  direct  messorement  of  the  sngle  f,  we  obuin  the  follow- 
ing Tsble  : — 

Batio  of  Work  done  by  the  Peetond  Muscle  of  Birds  round  the 
observed  Axis  perpendicular  to  its  Plane^  to  the  mazmum 
possible  Wort. 


Bin! 


AlbatroM, 
"Wood  pigeon, 
Heron,     . 
Macaw,    . 
Pheasant 


1 1 '.00' 

1.55 
9  .10 

19.30 

5  00 


i, 
an  f 


o.  190 
0.033 

0.159 

0.333 
0.087 


Mean  ratio, 


0-1S04 


If  we  take  for  the  socket  of  the  shoulder  the  calculated 
instead  of  the  observed  positions,  we  find  by  measurement  oi 
the  angle  ^  the  following  Table  : — 
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Kaiioof  Work  done  by  the  Pectoral  Muecle  of  Birds,  round  the 
calculated  Axis  perpendicular  to  its  Plane^  to  the  maaimum 
-possible  Work 


Bird. 

f 

sin  0 

1 

Albatross, 
Wood  pigeon. 
Heron,     .... 
Macaw,    .... 
Pheasant,      .     . 

• 

6«.55 

9.35 
9  .20 
2  .00 

9.15 

0  120 
0.166 
0.  i6a 
0.035 
0. 161 

Mean  i 

ratio,     .     . 

.     0-1288 

From  these  results  it  appears  that  the  rotation  of  the  wing 
round  the  observed  axis,  perpendicular  to  the  plane  of  the 
muscle,  gives  only  ^th  part  of  the  maximum  work  possible ; 
and  that  a  similar  rotation  round  the  calculated  axis  gives 
only  ^th  of  the  maximum  work  possible. 

This  conclusion  confirms  generally  that  already  arrived  at 
in  p.  307,  and  shows  that  each  muscle  is  constructed  mainly 
for  the  performance  of  a  certain  kind  of  work,  and  that  it 
performs  any  other  kind  of  work  under  great  disadvantages. 

The  condition  necessary,  in  order  that  a  given  quadrila- 
teral muscle  should  be  absolutely  incapable  of  producing  any 
rotation  round  an  axis  perpendicular  to  its  plane  is  readily 
found.  For,  the  expression  (44)  for  the  work  done  must 
vanish,  which  gives  us  sin  ^  »  o ;  or  that  the  socket  must  be 
placed  upon  the  bisector  OX  (Fig.  84).  Hence  the  centre  D  of 
the  hyperbola  must  coincide  with  0,  and  in  equation  (72)  the 
term  involving  y  must  disappear ;  hence  we  have, 


Q 


7/+  I)  sin  9 


I -I' 


(77) 


-0 


as  the  condition  required,  in  order  that  rotation  round  an 
axis  perpendicular  to  the  muscle  shall  be  impossible. 
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The  quantity  Q,  as  I  showed  before,  consists  of  the  dif- 
ference of  two  sums,  and  there  is  no  difficulty  in  supposing 
a  case  in  which  it  should  vanish  altogether.  For  the  birds 
already  discussed,  its  values  are — 

Albatross, 2.83 

Wood  Pigeon,   ....  3.06 

Heron, 1.12 

Macaw, 0.50 

Pheasant, 3.19 

Quadriiateral  and  skew  muscles^  in  which  the  soekei  of  the 
joint  does  not  lie  in  the  plane  containing  Hie  origin  cmd  insertion 
of  the  muscle. 

In  page  262,  I  commenced  the  discussion  of  Quadrilateral 
muscles,  in  which  the  plane  of  the  origin  and  insertion  of  the 
muscle  includes  the  socket  of  the  joint,  and  fully  illustrated 
the  action  of  this  important  class  of  muscles  by  means  of  the 
great  pectoral  of  the  wings  of  birds.  We  have  now  to 
examine  the  class  of  muscles  in  which  the  length  of  the  fibres 
is  such  as  not  to  permit  the  origin  and  insertion  to  come  into 
the  same  plane  as  that  which  contains  the  socket  of  the  joint. 

In  this  class  of  muscles,  the  maximum  extension  of  the 
fibres  possible  still  leaves  the  plane  passing  through  the  socket 
and  insertion  distinct  from  the  plane  passing  through  the  socket 
and  origin  of  the  muscle ;  and  we  are  to  suppose  the  two  bones, 
each  lyingin  its  own  plane,  placed  in  the  position  of  maximum 
extension  of  fibres,  the  work  to  be  done  being  to  compel  one 
bone  to  turn  round  the  other  bone,  the  intersection  of  the 
planes  containing  each  being  the  axis  of  rotation. 

It  is  easy  to  show,  as  a  preliminary  condition,  independent 
of  any  special  arrangement  of  the  muscular  fibres  connecting 
the  two  bones,  that,  in  order  to  produce  the  maximum  moment 
to  turn  the  planes  round  their  mutual  intersection,  regarded  as 
an  axis  of  rotation^  that  it  is  necessary  that  the  planes  passint** 
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through  the  socket,  and  the  origin,  and  insertion,  respectively^ 
most  be  at  right  angles  to  each  other. 

With  the  socket  of  the  joint  as  centre,  describe  a  sphere, 
and  let  AB  and  A'B  (Fig.  85)  be  the  spherical  arcs,  which 
are  the  projections  of  the  bones  upon  the  surface  of  the 
sphere.  Let /be  the 
intersection  of  the 
planes  containing 
the  two  bones,  and 
let  A  A'  be  the  pro- 
jection of  any  mus- 
cular fibre;  let  //4  »  j 
a,  lA'  B  a^  and  let 
the  angle  between 
the  planes  be  /.  If 
the  plane  lAB'  be 
made     to     revolve  ^^8  *5 

round  the  intersection  of  the  two  planes  through  a  small 
angle  w,  so  that  A  and  B  assume  the  positions  A"  and  ^'; 
then  let 


AIA" 
AA' 

AA'' 


l(p  be  the  original  length  of  any  fibre,  and  A^  A\  the 
distances  of  its  extremities  from  the  socket ;  and  also,  \£p'  be 
the  length  of  the  contracted  fibre  corresponding  with  the 
rotation  through  the  angle  ca,  then  we  have 


but 


/?' « -4'  +  A*^  -  lAA'  cos  X ; 
y  «il'  +  -4'*-  2-4-4'cosy; 

cos  X  B  cos  /  sin  a  sin  a  +  cos  a  cos  a' ; 
cos  y  m cos  (/-  (u)  sin  a  sin  a  4  cos  a  cos  a, 

Y 
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Hence  (since  <•>  is  a  small  angle), 

p^^p'*^2AA'  (cos  y  -  cos  x) 

(p-^p)  (p~p^)  =  lAA'to  sin  /.  sin  a  sin  a' : 
or, 

pSp  B  AA'w  .  sin  / .  sin  a  sin  a . 

Hence  we  obtain,  for  the  shortening  of  a  single  fibre,  by  a 
rotation  oi, 

^            .     y    AA'  sin  a  sin  o' 
op  •=  w  sm  I  . . 

P 

If,  from  the  ends  of  the  fibre  p,  we  let  fall  two  perpen- 
diculars, w  and  w'y  upon  the  common  intersection  of  the  planes, 
it  is  easy  to  see  that 

w^A  sin  a, 
it'  =  A'  sin  a  ; 

from  which  we  find 


Sp  a  (ti  sin  / .  — , 

P 

and,  summing  together  all  the  shortenings  of  all  the  fibres,  we 
obtain 


S(8i?)-a.3m/S^^j.  (78) 


It  is  evident  that  the  work  done  by  the  muscle  will  be  a 
maximum  when 

2  (Sp)  a  maximum  ; 

and  this  quantity  will  be  a  maximum  independent  of  the 
oum,  S  (  —  ),  (which  depends  on  the  special  arrangement  of 
the  muscular  fibres),  when  /  =  90^. 
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Hence  we  obtain  the  following  preliminary  condition  : — 

CONDmON. 

Whenever  two  bones^  joined  by  muscular  fibres^  tend  to  turn 
each  other  round  an  axis  of  rotation  formed  by  the  intersection 
of  two  planes  parsing  through  tlie  bones,  the  work  done  by  th^ 
contraction  of  the  fibres  will  be  a  maximum^  when  the  axis  of 
rotation  is  formed  by  the  intersection  of  planes  at  right  angles  to 
each  other. 

Let  us  now  consider  the  simple  case  of  a  single  muscular 
fibre,  of  a  given  length  p^  the  ends  of  which  are  required  to 
remain  in  two  planes  at  right  angles  to  each  other,  in  con- 
formity with  the  foregoing  preliminary  condition ;  it  is  required 
to  find  the  position  of  the  fibre,  so  that  the  moment  of  the 
force  causing  one  bone  to  rotate  round  the  line  of  intersection 
of  the  planes  shall  be  a  maximum. 

Let  01  (Fig.  86)  be  the  line  of  intersection  of  the  two 


•z^ 


a' 


.,'' 


Fig.  86. 

rectangular  planes,  and  let  P,  Py  be  the  ends  of  the  fibre, 
whose  length,  PF^py  is  given.  Draw  Pa,  Pa\  each  in  its 
own  plane,  perpendicular  to  01;  and  let 

PP^p, 

Pa  -  TT, 
PV  c=  tt', 
aa  e  w. 
Y  2 
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Since  the  planes  are  at  right  angles,  we  have 

;>«  -  ,r«  +  ir'«  +  u\ 
and,  by  equation  (78), 

inr'  *  maximum, 

Differentiating  these  two  equations,  we  find 

irdjr  +  ir'dir'  +  udil  -  o, 
wdjT  +  w'dw  =  o. 

Eliminating  dw't  we  obtain 

{tt*  -  ir^)  dw  +  wtidu  «  o. 
This  equation  of  condition  is  satisfied  by  making 

IT  -Tt', 

a=«o; 

or,  the  points  a  and  a'  must  coincide,  and  the  perpendiculars 
TTf  w'y  must  be  equal  to  each  other.     In  other  words — 

The  fibre  PF'  must  lie  in  a  plane  perpendicular  to  both  the 
intersecting  planes,  and  its  extremities  must  be  equidistant  from 
their  intersection. 

By  means  of  this  proposition,  we  are  enabled  to  solve  a 
number  of  problems,  suggested  by  the  adductor  muscles  of 
many  animals. 

If  the  muscle  be  triangular,  then  the  resultant  of  all  its 
fibres  lies  in  the  bisector  of  the  vertical  angle,  which  bisector 
is  of  a  given  length,  and  may  be  regarded  as  a  single  fibre, 
which  is  to  be  placed  between  the  intersecting  planes  in  con- 
formity with  the  foregoing  proposition. 

If  the  muscle  be  a  plane  quadrilateral,  we  are  then  given 
two  bones,  AB  and  A'B',  which  lie  in  two  planes  intersecting 
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at  right  angles,  their  extremities  being  joined  by  fibres,  p,  p^ 
of  given  length,  and  we  are  required  so  to  place  the  bones, 
that  the  work  done  by  the  contraction  of  the  fibres  in  rotating 
one  plane  upon  the  other  shall  be  a  maximum. 


Fiff.  87. 


Let  01  (Fig.  87),  as  before,  be  the  intersection  of  the 
planes,  and  let  AB  and  A'B'  be  the  given  bones  lying  in  the 
two  planes,  respectively.  Produce  the  plane  ABA'B  to  meet 
01  in  the  point  b ;  and  imagine  the  fibres  AA'  and  BB'  to  be 
produced  to  meet,  and  that  X'X  is  the  bisector  of  the  angle 
under  which  they  meet.  The  resultant  of  all  the  fibres  joining 
A  B  and  A'B'^  lies  in  the  line  XX\  which  may  be  regarded 
as  the  only  fibre  with  which  we  have  to  deal.  The  line  XX' 
must,  therefore,  be  placed  in  a  plane  perpendicular  to  the 
planes  containing  AB  and  A'B>^  and  the  perpendiculars 
JTas  T  and  X'a^if\  must  be  equal  to  each  other.  Now,  in 
the  triangles,  Xab  and  X'ab^  we  have  Xab  «  X'ab  -  90** ;  Xa  - 
X'a\  and  ah  common  to  both.  Hence  we  have  Xb'^X'by 
and  therefore  bXX'-bX'X, 


326 


ANIMAL  MECHANICS. 


Let  Fig.   68   represent  the   plane   of   the   quadrilateral 
ABAB,  in  which  YXX'  is  the  bisector  of  the  angle  AYB. 


Hence,  we  have 


Fig.  S8. 

BXX'^BYX^XBT 
B'X'X^AYT^XAY\ 


but  BYX^A'YX'\  therefore 

XBY^X'A'Y\ 

or,  in  the  quadrilateral  ABA'B\  the  external  angle  is  equal 
to  the  opposite  internal  angle ;  or  the  sum  of  two  opposite 
angles  is  equal  to  two  right  angles ;  hence  the  quadrilateral 
ABA'B'  is  inscribable  in  a  circle. 

Hence, 

If  two  bones^  joined  by  mi^cular  fibres  forming  a  plane  quad- 
rilateral^ lie  in  two  planes  at  right  angles  to  each  other^  the 
maximum  work  done  in  rotating  the  planes  round  their  axis  of 
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inierseetion^  wiU  occur  when  tlie  bones  are  so  placed  as  to  form  a 
quadrilateral  inscribable  in  a  circle. 

This  remarkable  proposition  enables  us  to  determine  rea- 
dily the  truth  or  falsehood  of  the  Postulate,  p.  238,  in  several 
cases.  For,  if  the  muscle  be  really  inscribable  in  a  circle, 
the  rectangle  under  its  diagonals  must  be  equal  to  the  sum  of 
the  rectangles  under  its  opposite  sides,  by  Ptolemy's  Theorem ; 
and  the  sides  and  diagonals  may  be  measured  on  the  fresh 
subject,  by  means  of  a  compass,  without  any  serious  risk  of 
any  great  error. 

The  Adductor  muscles  of  all  animals,  as  a  rule,  form  skew 
sheets  of  surface,  and  not  plane  sheets ;  but  several  of  the 
adductors,  in  the  position  of  extreme  abduction,  form  plane 
muscles  in  the  limiting  position,  and  thus  enable  us  to  test 
the  truth  of  our  Postulate. 

1  shall  number  the  adductor  muscles  in  the  following 
order  for  convenience  of  reference : — 

Adductor  Muscles.  Hutnan  Equivalents. 

1.  Adductor  primus.  i.  The    condyloid    portion 

of  Adductor  maynus, 

2.  Adductor  secundus,  2.  The  remaining   portion 

of  Adductor  magnus, 
a.  Ischiadic  sheet.  (a.)  (/3-) 

/3.  Pubic  sheet 

3.  Adductor  tertius.  3,  Adductor  brevis. 

4.  Adductor  quartus.  4.  Adductor  longus, 

5.  Adductor  quintus.  5.  Pectmceus. 

The  fourth  and  fifth  of  these  adductors  offer  examples  of 
plane  quadrilateral  muscles,  whose  origin  and  insertion  lie  in 
rectangular  planes. 

I.  Lion. — In  the  Lion  the  fourth  and  fifth  adductor 
muscles  (longus  and  pectincBus)  have  origins  and  insertions  of 
the  same  length,   and  lying  beside  each  other  on  the  bones. 
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The  following  meafmrements  were  made  from  a  large  adult 
lion : — 

Peciinaius  Muscle  (lAan). 

1.  Length  of  origin,     .     •     .     .     .     1.70  in.  «»  a. 

2.  Length  of  insertion,    ....  295   „    »  b, 

3.  Length  of  anterior  fibres,     .     .  4.52  „    »  c. 

4.  Length  of  posterior  fibres,    .     .  7.61   „    -  d. 

5.  Length  of  first  diagonal,       ,     .  5.77   „    «  e, 

6.  Length  of  second  diagonal,      .  6.76  „    =  /. 

Now,  since  a,  b  are  opposite  sides,  and  c,  d  are  also  oppo* 
site,  and  «,  /  are  diagonals,  we  have,  by  Ptolomy's  Theorem, 

ab  +  €d-=ef;  (79) 

but 

ab  -  1.70  X  2.95  =  5.01 
erf -4.52  X  7.61  »  34.39 
ab  -{■  cd ^  3940 

and  also, 

ef"  5.77  X  6.76  =  39.00. 

These  results  are  so  close  as  to  prove  that,  in  the  Lion,  the 
€ulductor  quartus  and  the  adductor  quintua  are  quadrilaterals, 
inscribable  in  a  circle. 

2.  Man. — I  made  the  following  measurements,  on  a  well 
developed  male  subject : — 

Pectinceus  Mmcle  {Man). 


I. 

Length  of  origin,     .... 

•     1.82  in.  a  a. 

2. 

Length  of  insertion,     .     .     . 

.     1.52  „    =  6. 

3- 

Length  of  anterior  fibres. 

.     4.70  „    =  c. 

4. 

Length  of  posterior  fibres,    . 

.     6.30  „    "  d. 

5- 

Length  of  first  diagonal, 

.     5.52  „    -  e. 

6. 

Length  of  second  diagonal, 

.     5.66  „    -  /. 
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Hence  we  have 

ab  =  2.76,     cd"  22.61 
aft  +  erf-  32.37 
^-31.24. 

This  result  is  sufficient  to  show  that,  in  Man,  the  Pectimeus 
muscle  is  nearly  inscribable  in  a  circle. 

3.  Llama. — In  the  Llama,  I  obtained  the  following : — 

PecthicBvs  Muscle  (Llama), 


I.  Length  of  origin,    .     .     . 

.     .     1.91  in.  -  a. 

2.  Length  of  insertion,    .     . 

.     .     3-50  »>    -  *• 

3.  Length  of  anterior  fibres, 

•     •     3*^5  »»    ■  ^* 

4.  Length  of  posterior  fibres, 

6.91     „       a    rf. 

5.  Length  of  6rst  diagonal,  . 

4.09     f,        B     €, 

6.  Length  of  second  diagonal, 

•     •    ^'71  *»    -/• 

Hence,  we  find 

ab  «  6.68,     cd  = 

21.07 

ab  +  cd  =  27.75 

ef^  27.69. 

It  appears,  to  my  mind,  impossible  to  evade  the  conclusion, 
that  the  particular  form  of  muscle  employed  in  the  preceding 
cases,  was  the  result  of  design  and  foresight ;  for  the  chances, 
a  priori^  would  be  many  millions  to  one  against  the  occurrence 
of  the  particular  quadrilateral  which  can  be  inscribed  in  a 
circle,  if  the  formation  of  the  muscle  depended  on  slow  ran- 
dom variations  of  external  conditions,  only. 

I  shall  now  proceed  to  consider  the  general  case  of  a  skew 
muscle,  formed  by  fibres  arranged  in  any  manner  joining  two 
bones,  ABy  and  A'ff^  not  lying  in  the  same  plane.  Let  lA^ 
and  PA'  be  the  directions  in  which  the  bones  AB  and  A'B'  are 
placed;  /  and  P  being  the  points  corresponding  to  //',  which 
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is  the  shortest  line  between  the  directions,  and  perpendicular 
to  both.     Draw  FX  parallel  to  lA^  and  let 

ATX  =  2^. 

Take  C,  the  centre  of  the  line  //',   and  draw  Cx  parallel 
to  the  bisector  oi  XI'A',  and  draw   Cy  perpendicular  to  Cx 


Fig.  89. 

and  to  //' ;  and  take  Cl  for  the  axis  of  z.  Let  Cr,  Cy,  Cz 
be  the  axes  of  co-ordinates,  then  the  equations  of  the  bones 
^5  and  A'B  will  be 

y  -  mx  «  o         z  "  c  »  o 

y  +  mx  =  0         2  +  c  =  o.  (8c) 

where  m  <=  tan  ^. 

Hence,  the  equations   of  any  two  planes  passing  through 
-/4jB  and-4'-B',  respectively,  will  be 

{y  -  //w*)  +  A  (2  -  c)  «=  o 

{y  +  mx)  +  A'  {;?  +  c)  =  o,  (81) 

where  A,  A'  are  arbitrary  parameters. 
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I  have  already  proved  that  the  work  done  in  rotating  ^'^ 
round  the  intersection  of  these  planes  will  be  a  maximum, 
when  the  angle  between  the  planes  is  a  right  angle.  Hence, 
in  order  to  obtain  the  maximum  effect,  we  must  make  the 
two  planes  (8i)'  intersect  at  right  angles,  llie  angle  0, 
between  the  planes  is  found  by  the  equation 

cosO= — --  — ^-  ==,         (82) 

when  0  =8  90°,  cos  0  «»  o,  hence  we  have  the  condition 

AA'  =  7/i»-  I.  (83) 

If  we  now  eliminate  the  parameters  A,  A',  from  the  equa- 
tions (81)  and  (83),  we  obtain  the  following  locus  of  intersec- 
tion of  planes  at  right  angles  to  each  other,  passing  through 
the  bones  AB  and  A'B\ 

(y'  -  m^x^)  +  (i  -  m»)  {2^  -  c»)  =  o.  (84) 

This  represents  an  Hyperboloid  of  one  sheet,  having  its 
Ellipse  de  Gorge  in  the  plane  of  y,  z;  and  //'  one  of  its  axes ; 
and  the  rectilinear  generators  of  this  hyperboloid  are  the 
intersections  of  the  rectangular  planes  passing  through  the 
bones  AB  and  A'B\ 

In  order,  therefore,  that  the  maximum  work  shall  be  done 
by  the  muscle  AB  A*B^  it  is  necessary  that  the  axis  of  rota- 
tion shall  coincide  with  some  one  or  other  of  the  generators 
of  the  hyperboloid  (84) ;  lut  this  is  not  sufficient,  for  my 
Postulate  (p.  238)  requires,  in  addition,  that  of  all  the 
generators  of  the  hyperboloid,  that  particular  generator  shall 
be  chosen  as  axis  of  rotation,  which  shall  give  us  the  maximum 
maximorum  of  work  done.  We  must,  therefore,  in  the  first 
place,  discover  which,  of  all  the  generators,  possesses  this 
property,  and  then,  by  measurements  on  the  dead  subject, 
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te8t  whether  or  not  the  actual  axis  of  rotation  in  the  limb  of 
the  animal  coincides  with  the  max*  marimorum  axis. 

Let  PP'  m  p^  be  any  fibre  joining  two  points,  (2;,  y,  z)  and 
(^9  y'9  O  0°  ^®  bones  AB  and  A'B'.  It  has  been  already 
proved  that  the  moment  of  this  fibre,  to  turn  A'B  round  the 
intersection  of  the  planes  passing  through  the  two  bones,  is 

ff 
moment  =  •=^; 

P 

where/,/',  denote  the  lengths  of  the  perpendiculars  let  iall 
from  each  point  upon  the  plane  passing  through  the  other 
point.  If  we  express  /,  /,  in  terms  of  the  coordinates,  we 
obtain 

^^  4  (nut  4  cy)  (mx'  -¥  cX)  .^  . 

p  "p  '  a/X»  +  m«  +  I    \/A'»  +  m«  +1         ^  ^^ 


or 


where 


P  "^  p  '  \/X*  +  m*  +  I    \/A*  +  w*  +  I* 


ic-m«j?a:'  +  c*  (w»  -  i).  (87) 


Differentiating  (86)  with  respect  to  X  and  X',  and  remember- 
ing the  condition 

XdX'  +  ydX  =  o. 

we  obtain  the  following  equation  of  condition  to  determine 
the  position  of  the  generator  which  gives  us  the  maximum  or 
minimum  amount  of  work, 

cm  (X»  +  m«  +  i)  (X'«  +  wi«  +  i)  (.rX  -  xT)        (88) 
-  (m«  +  I)   {fnc  {x\  +  x^y)  +  k]  (X*  -  X")  -  o 

This  is  the  condition  required  and  expressed  for  a  single 
fibre.     The  equation  of  condition  for  the  entire  muscle,  com- 
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posed  of  any  number  of  fibres,  anyhow  placed,  may  be  thus 
deduced. 
If  we  write 

2r-m.s(^).c.(m«-,)2(i) 
then  we  find 

\pj      ^  \/X«  +  m«  +  I    t/  X'«  +  w«  +  I     ^^  ^ 

and  the  equation  of  condition  becomes 

cm  (X»  +  m»  +  i)  (A'>  +  m»  +  i)   j  JX  -  XX|        (91) 
-  (m»  +  i)   {mc  (  XA  +  X'X')  +  K\  (A*  -  X'*)- 

This  equation  admits  of  a  solution  on  inspection,  viz., 

x  =  x; 

X-X, 

which  implies  that  if  the  fibres  were  so  arranged  as  to  make 
X  a  X\  then  the  generator  X  **  X^  which  makes  equal  angles 
in  space  with  the  two  bones  AB  and  A'B^  is  the  required 
maximum.  I  have  not,  as  yet,  found  any  skew  muscle  whose 
fibres  give  X  «  X^  and  therefore  we  must  set  aside  the  most 
obvious  particular  solution  of  our  equation  of  condition,  and 
seek  its  general  solution.  If  we  eliminate  X'  by  means  of  the 
relation 

XX'  -  m*  -  I, 
and  expand  (91))  arranging  by  powers  of  X,  we  find,  after  a 
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few  reductions,  the  following  bi-quadratic  equation  of  condition 
to  determine  the  position  of  the  axis  of  maximum  work — 

-jr(m»+  i)X* 

+  2C  [mX  (m*  +  i)  -  mT  (m«  -  i))  A» 

+  2C  (m*  -  i)  [mX  (m«  -  i)  -  mX{m^  +  i)}  X    ^^^ 

+  (m>-  i)  (»n*-  i)^-o. 

I  am  now  required,  in  order  to  justify  my  Postulate,  whei* 
applied  to  the  complex  case  of  skew  muscles,  to  find  the  root 
of  equation  (92)  for  various  muscles,  and  to  show  that  the 
actual  axis  of  rotation  corresponds  with  that  root.  I  select 
for  examination  the  adductor  secundua  of  various  animals. 
This  muscle,  in  all  animals  that  I  have  dissected,  forms  a 
double  sheet  folded  at  the  centre  on  itself,  in  this  manner : 
the  posterior  fibres  proceeding  from  the  ischium  are  inserted 
the  highest  upon  the  femur,  and  gradually  increase  in  length 
until  we  reach  the  most  dependent  point  of  the  pubo-ischium ; 
this  portion  of  the  muscle  I  shall  call  adductor  secundus  (a) ; 
in  like,  but  reversed  order,  the  anterior  fibres  proceeding 
from  the  pubes  are  inserted  highest  up  on  the  femur,  and 
gradually  increase  in  length  until  they  join  the  long  fibres  of  (a), 
with  which  they  coincide ;  this  portion  of  the  muscle  I  shall 
cbH  adductor  secundus  {(i).  Thus,  the  two  sheets  of  muscle, 
(a)  and  (j3),  are  placed  side  by  side,  as  if  folded  against  each 
other  on  an  axis  corresponding  to  the  longest  and  middle 
fibres  of  the  muscle ;  and,  although  it  is  evident  that  the 
two  sheets  generally  may  act  together,  yet,  mechanically 
considered,  they  are  to  be  regarded  as  quite  distinct 
muscles. 

(i)  Adductor  secimdus  (/3) — LUima. — Having  dissected 
down  upon  the  adductor  muscles  of  a  (ine  male  Llama,  after 
previously  ascertaining  the  limits  of  abduction  of  the  femur, 
before  removing  the  skin  and  gracilis  muscle ;  and  having 
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carefully  placed  the  thigh  in  the  position  of  extreme  abduction, 
I  made  the  following  measurements : — 

Llania, 

Lengths  of  equidistant  fibres.  Lengths  of  origin  and  insertion. 

p  =    4.27  in.  a  "  1.96  in.  (origin). 

pi  =    6.70  „  a'  e  6.00  „  insertion. 

/>,  «    8.46  „ 

l>3  a  10.80    ,  ConstantB  of  Hyperboloid. 

2(J  =  2.38  in. 


2^  =  4y"i5 

The  constants  of  the  Hyperboloid  were  measured  by 
fastening  straight  steel  wires  along  the  directions  of  origin  and 
insertion,  and  then  measuring  the  shortest  distance  between 
them,  and  the  angle  made  by  the  two  lines. 

The  positions  of  the  points  1  and  /,  on  the  bones,  may 
either  be  measured  directly,  like  2c  and  2^,  or  may  be  calcu- 
lated from  the  other  measurements.  In  order  to  check  the 
whole  calculation,  I  measured  their  position,  and  found 

a  »  +  1.96  in. 
a'«  +  4.40  „    ; 

where  a  signifies  the  distance  from  /  to  the  {anterior)  fibre  p, 
measured  on  the  bone  A  B ;  and  a  signifies  the  distance  from 
/'  to  the  same  {posterior)  fibre p,  measured  on  the  bone  A'B. 
It  is  to  be  noted  that  the  fibre  p  is  anterior  on  the  pubes,  and 
posterior  on  the  femur ;  so  that  all  the  fibres  cross  each  other, 
forming  a  well  marked  skew  surface.  The  values  of  a  and  a 
may  be  calculated  as  follows,  from  the  measured  lengths  of 
any  two  fibres  (/?,  p,] 


p'  =  a'  +  a'*  -  2aa'  cos  2^  +  4c*, 
p^  =  (o  -  ay  +  (a'  +  df  -  2(a  -  a)  {d  +  a')  cos  2^  -f  4c' ; 


336  ANIMAL  MECHANICS. 

from  which  we  obtain — 

^'  -  p*  «  -  2 |a  +  a  cos  2^)  a 

+  2  {a  +  a  cos  2^1  a'  (93) 

+  [a*  +  a'»  +  2aa  cos  2^) 

latroducing  the  numerical  values,  I  6nd 

14.55a'  =  11.72a  +  43*28. 

If  we  were  to  combine  the  four  fibres  in  pairs,  we  should 
obtain  from  each  pair  a  similar  relation  between  a  and  a',  in 
all  of  which  it  is  easy  to  see  that  the  co-efficients  of  a  and  a 
remain  the  same,  while  the  absolute  term  varies  according  to 
the  several  measurements.  I  shall  write  down  the  results  of 
the  six  possible  combinations : — 

Absolute  Term. 

(p  -Pz) 43-28 

(P  -P») 43-^3 

(p  -pi) 61.65 

(pi-pa) 33-14 

(Pi-Pi) 25.29 

(P*2  -  Ps) 43  63 


Mean,     .     .     .     41 70 


ITie  value  found  from  the  fibres  (jo,  p^)  is  nearly  the  mean 
value,  which  is  what  we  should  expect ;  for  the  errors  of 
observation  in  measurement  will  afiect  equation  (93)  least; 
when  the  differences  of  the  fibres  and  the  lengths  of  the 
intercepts  between  the  points  of  application  are  greatest. 
Taking  the  mean  value,  we  have 

14.55  «'  =  11.72  a  +  41*70, 
or 

a  =  0.805  a  +  2.866.  (94) 
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Introducing  this  value  into  the  equation, 

p*^  a*  ■¥  a'*  -  2aa'  cos  2^  +  4c*, 
we  obtain 

0.602  a*  +  0.888  a*  -  4-356  -  o ;  (95) 

and,  finally,  remembering  (94),  we  reach  the  following  pairs 
of  real  values  for  a  and  a  : — 


+  2  05    in.  (observed  =  1.96  in.) 


1+  205    in 

<"3-S3     .» 
+  4.51    in.  (observed  =  4.40  in.) 
-0.025  »» 

From  the  preceding  agreement  of  calculation  and  observation, 
we  may  regard  the  true  positions*  of  /  and  /'  as  having  been 
accurately  ascertained. 

We  are  now  in  a  condition  to  determine  the  quantities, 
Xy  X\  Ky  which  occur  in  the  coefficients  of  the  equation  of 
condition  (92) ;  for 

mX  =  8in  ^  2(- J      mJ'"  sin  ^  Sf-) 

;r-sin«^s(^'j  +  c'(/n^-  02Q) 

Using  the  measurements  made  in  the  freshly-dead  muscle, 
we  obtain  the  following: — 

Llama — Adductor  secundm  (/3). 

a  =  +  2.05  in.  a'   =  +    4.51  in. 

Oi  =  +  1.40  ,,  a'l  "  +    6.51   „ 

Qa  =  +  0.75  „  a%  "  +     8.51   „ 

08  =  +  0.09  „  a'j  =  +  10.51   „ 

*  The  second  values  of  a  and  a',  refer  to  the  position  of  the  hones,  in  which 

they  make  together  an  angle  of  2^  reversed ;  and  they  hare  no  relation  to  the 

present  problem. 

Z 
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a 

P" 

+  0.480 

—  c 
Pi° 

+  0.209 

+  0.088 

52  » 

+  0.009 

©- 

+  0.786 

aa' 
P 

+  2.165 

Oia'i 

'  +  1.360 

P2 

.  +  0.754 

''  +  0.088 

'  +  4-3^7 

-  ■  +  i.oeo 
P 

—  -  +  0.07a 
Pi 

f 
—  =  +    1.006 

/ 

~   «  +  0.973 
Pi 


ii)  -  *  4-007 


I 

—  -  0.140 

Pi 

I 

—  =   O.II8 

I 

—  =   0.002 

P^ 


2(jj=   0.593 


From  these  enumerations,  we  find,  from  equations  (96), 

mX  =  +  0.330 
mX'«  +  1.683 
^  •=  +  0.096. 

Introducing  these  values  into  equation  (92),  we  obtain 
-  0.1 16  X*  +  3«375  X'  f  4.903  X  +  0.042  =  o.    '07) 


^ 
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It  is  evident,  from  inspection,  that  equation  (97)  has  a 
very  small  root  and  a  very  large  root,  both  real ;  because  the 
coefficients  of  the  first  and  last  terms  are  small,  as  compared 
with  the  intermediate  coefficients  ;  and  the  smallness  of  these 
coefficients  depends  on  the  small  value  of  JST,  which  is  a  factor 
of  the  first  and  last  coefficients. 

These  small  and  large  roots  of  equation  (92)  would 
become 

X  =  o, 

,   I  (98) 

in  one  or  other  of  two  cases,  viz. : — 

iT.o.*  (^^^ 

Having  determined  the  value  of  X  from  equation  (97),  we 
must  introduce  this  value  into  equation  (92),  in  order  to 
calculate  the  actual  value  of  the  maximum  work  or  moment 
of  the  muscle.  Thb  equation  may  be  thus  written,  by 
elimination  of  X' : — 

Since  the  denominator  of  this  fraction  does  not  change  sign 
with  the  change  of  sign  in  X,  it  is  plain  that  the  numerator 
equated  to  zero  determines  the  position  of  the  two  neutral 
generators  of  the  hyperboloid,  with  respect  to  which  the  skew 
muscle  does  no  work,  and  that  these  generators  divide  all  the 
generators  of  the  hyperboloid  into  two  groups,  for  one  of 

*  It  may  be  interestiDg  to  note  that  the  geometrical  meaning  of  JSTs  o  is, 
that  the  line  joining  X  and  JT  ia  a  tangent  to  the  hyperboloid  conjugate  to  the 
I0CU8  hyperboloid  (84). 

z2 
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which  the  work  done  is  negative  and  for  the  other  positive. 
The  equation  to  determine  the  neutral  axes  is 

emX  .  X*  +  K\  +  cmX'  (m*  -  i)  «  o.        ("oi) 

This  equation  becomes,  in  the  case  of  the  Llama, 

0.393  X*  +  0.096  X  -  1.58  "  o. 
The  roots  of  this  equation  are 

+  1.89 
-  2.13. 

If  we  now  solve  the  equation  (97)9  we  find  two  real 
roots,  viz.  :  — 

X  =  -    0.0085, 

X  =  -f  29.3. 

* 

The  remaining  roots  of  the  equation  are  imaginary. 

The  small  value  of  X  corresponds  to  the  maximum  negative 
work  done  by  the  muscle,  as  may  be  seen  from  the  following 
Table,  formed  by  introducing  successive  values  of  X  into 
equation  (100) : — 

Llafna — Adductor  secundum  (j3). 


X. 

H5) 

+  0. 1000 
0.0000 

—  0.0085 

-  0. 1000 

-5.6568 
-7.2828 

-  7.aM 

-  7 . 2088 

The   large    value  of  X  corresponds  with  the  maximum 
positive  work  of  the  skew  muscle. 
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Hence  we  see,  by  a  process  of  reasoning  similar  to  that 
employed  in  reference  to  the  great  pectoral  muscle  of  the 
wing  of  the  bird,  that  the  axis  of  maximum  instabUUy  corre- 
sponds to  X  »  -  0.0085,  ^^^  ^^^  ^®  ^B  ^^  maximum  sta- 
bility corresponds  to  X  •>  -4-  29.3. 


Fig.  90. 

The  value  of  X  corresponding  to  the  axis  of  maximum 
instability  is  so  nearly  zero,  that  we  may  assume  X  -  O9  without 

sensible  error.    This  value  of  X  corresponds  with  X'  -  -»  so 

that  the  equations  (81)  of  the  planes  passing  through  the 
bones  are  reduced  to 


y  -  mx  =  o, 
2  +    c    =0. 


(102) 


The  corresponding  axis  of  rotation  is  shown  in  Fig.  90. 
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Let  I  A  and  I*  A'  represent  the  directions  of  the  bones 
AB  and  A'B^  and  let  XT  be  the  shortest  line  joining  these 
directions.  Through  the  point  F  draw  TX  parallel  to  lA  ; 
then  the  axis  IX  represents  equations  (102). 

It  follows  from  this  construction,  that  if  the  Postulate 
(p.  238)  be  true,  the  socket  S'  of , the  hip  joint  must  lie  some- 
where on  J'X,  the  axis  of  maximum  instability. 

The  following  measurements  were  made  on  the  pelvis  and 
femur  of  the  Llama.  Draw  from  the  centre  of  the  acetabulum, 
Sy  two  perpendiculars,  SK  and  SE^^  upon  the  line  of  pubic 
origin  and  femoral  insertion  of  the  addt^tctar  secundus  (j3) ;'  the 
lengths  of  these  perpendiculars  and  of  the  line  81  were  then 
measured,  as  follows : — 

SI    =  p  =  3.21  in. 
SK  =  p  =  2.77  „ 
SK^  =  p'=  1.02  „ 

If  it  be  true  that  the  point  /S  lies  on  the  axis  TX  (since 
IF  =  2Cj  and  ATX  =  2^),  we  must  have,  within  the  limits  of 
errors  of  observation, 


p  =  2C, 
£L_  =  sin^*.  ('03) 


— > =  sm  2  A 


Introducing  the  measured  values,  we  obtain 

p  =  2.77  in. 
2^=50°  58'. 

These  values  differ  from  the  constants  of  the  hyperboloid — 

•  2C  by  0.39  of  an  inch, 
2^  „   i°43'- 

These  differences  are  within  the  limits  of  errors  of  observation, 
and  we  may  consider  the  Postulate  to  be  proved  true,  when 
applied  to  the  skew  adductor  of  the  Llama. 
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(2).  Adductor  secundm  (j3) — Greyhound. — ^The  next  ex- 
ample of  a  skew  muscle  that  I  shall  give  is  the  adductor 
secundus  (/3)  in  the  Greyhound.  The  subject  of  my  dissection 
was  the  celebrated  Irish  Greyhound,  ^'  Master  Magrath,"  who 
is  justly  considered  as  the  best  and  fastest  dog  that  ever  ran 
a  course.  The  following  brief  notice  of  this  wonderful  dog, 
taken  from  "  The  Belfast  News-letter,"  may  be  of  interest  to 
the  reader : — 

«( ( Master  Magrath*  (named  afiter  an  orphan  boy  who  reared  him)  was 
by  '  Dervock,'  out  of  *  Lady  Sarah,*  and  made  his  first  appearance  at  the 
Largan  meeting  in  October,  1867,  when  he  was  about  one  year  and  eight 
months  old.  At  that  meeting,  although  little  more  than  a  week  in  train- 
ing, he  won  the  'Visitors'  Cup'  (3a  dogs),  beating,  amongst  others,  '  S.S.' 
and  '  What*s  the  Tip.'  His  second  appearance  was  at  the  Creagh  meeting 
the  week  following  Lurgan,  when  he  divided  the  ^Moneyglass  Purse* 
(33  dogs)  with  his  kennel  companion,  'Master  Nathaniel.*  His  next 
appearance  was  at  Altcar,  in  February,  1868,  when  he  won  the  '  Waterloo 
Cup.*  His  first  course  was  with  '  Belle  of  Scotland,*  whom  he  outpaced 
both  in  the  no-go  and  final  spin,  beating  her  very  cleverly,  indeed.  His 
second  trial  with  '  Kalista*  might  have  ended  unfortunately  for  him,  as  he 
got  an  ugly  fall  in  the  run  up ;  but  his  great  cleverness  saved  him,  as  he 
WHS  on  his  legs  again,  and  had  puss  in  his  jaws,  before  Mr.  Kay's  bitch  had 
a  chance  of  putting  him  out.  His  third  course  with  '  Marionette*  was  such 
a  hollow,  as  well  as  clever,  victory,  that  there  was  immediately  a  rush  to 
get  out  by  those  who  had  taken  a  liberty  with  the  nomination.  His 
coming  against '  Brigade'  in  the  next  round  was  quite  the  event  of  the 
meeting,  and,  although  the  trial  was  not  A 1,  the  speed  and  cleverness 
exhibited  by  Lord  Lurgan*8  dog  justly  entitled  him  to  the  award.  His 
next  course  with  '  Lobelia*  be  made  short  by  his  extreme  devemess ;  and 
when,  finally,  he  met '  Cock  Robin/  it  was,  bar  acddents,  *  Lombard-street 
to  a  China  orange,'  and  4  and  5  to  i  was  ofiered  in  vain.  The  deciding 
course  was  run  undergreat  difficulties,  and,  had  not '  Master  Magrath  * 
been  one  of  the  cleverest  greyhounds  that  ever  went  to  slips,  he,  in  ail 
probability,  as  the  course  was  run,  would  have  been  put  out.  At  the 
Lurgan  meeting  of  1868  he  divided  the  '  Brownlow  Cup  Stake*  with  Mr. 
Stooker's  '  Sir  William,'  again  beating  '  S.S.'  and  three  others.  At  the 
Waterloo  meeting  of  1869,  he  met  and  beat  *  Borealis,*  '  Hard  Linos' 
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•  Channing  May,*  *  Randolph,'  *  Lobelia,'  and  *  Bab-at-the-Bowster  ;*  tbe 
style  in  which  he  beat  the  last  two  gaining  for  him,  finom  good  jadges,  the 
opinion  that  a  faster  or  deyerer  greyhound  never  was  slipped.  In  1870 
he  sostained  his  only  defeat,  which  was  from  Mr.  IVevor's  *  I^ady  Lyon,*  the 
course  creating  quite  a  consternation  in  all  sporting  circles ;  but,  whatever 
the  cause,  it  was  not  *  Magrath's*  style  of  running.  At  the  Lurgan  meet* 
ing  of  1870,  he  won  the  ^  Brownlow  Cup,*  beating,  in  the  last  two  courses, 
'  Smuggler*  and  *  IVitz.'  His  last  appearance  in  public  was  at  Altcar,  in 
February,  187 1,  when  he  defeated  ^Wharfinger,*  <£yes  of  Fire'  (drawn 
after  an  undecided  course),  '  Rocketer,*  '  Letter  T,*  <  Black  Knight,*  and 

*  Ptetender.'  It  will  thus  be  obsenred  that  out  of  the  thirty-seyen  courses 
which  *'  Master  Magrath'  ran  in  public,  his  colours  were  only  lowered 
once." 

" Master  Magrath" 

Lengths  of  Equidistant  Leng;th8  of  Origin  and 

FibreSi  InsertioD* 

p  =  4.81  in.  a  =  1.20  in. 

Pi  =  6.11  „  a'«  3.16  „ 

Pt  =  8.20  „ 

CcAiBtants  of  Hyperboloid. 

2C  =  1.68  i&. 
2^  «  69**  00'. 

The  positions  of  the  points  /  and  T,  on  the  pelvis  and 
femur  were  carefully  ascertained  by  the  same  method  as  that 
used  in  the  case  of  the  Llama,  and  the  following  measure- 
ments and  calculations  made :  — 

"  Master  Magrath" — Adductor  secundus  (/3). 

a  =  1.20  in.  a'   =4.14  in. 

Oi  =  0.60  „  a\  =  5.72  „ 

a^  =  0.00  ,,  a\  =  7*30  99 
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a 

-  =  0.249 
P 

-  =  0.860 
p 

ai 

—  =  O.IOO 

Pi 

—  =  O.OQO 

Pi     ^ 

Of 

—  =  0.000 
Pa 

—  =  0.800 

Pt 

s(?)  =  0.349 

s(^')=,.686 

=   I.OQI 

P            ^ 

I     . 
-    =  0.208 

P 

^""'^  =  0.561 
Pi 

—  =  0.162 

Pi                        ^ 

a«a'a 

=  0.000 

P« 

I 
—    =  0.122 

Pa 

2(y)=i.S92 

s(i)  =  0.493 

From  these  data  we  find 

mX  =  0.197 
mX^  =  1.520 
^=  0.326; 

and  finally,  equation  (92)  becomes 

« 

-  0.479  ^*  +  2*395  A'  +  2.128  X  +  0.135  -  ^' 
This  equation,  as  before,  has  a  small  real  root,  viz., 

X  =  -  0.063, 
which  leads  to  the  construction  (Fig.  90). 
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On  measuring  the  lines,  I  found 

8K  =  |7  =  1 ,65  in. 
iSir*/=o8o  „ 
S/=p=  I  86  „ 

From  which  we  find 

p  =  1.65  in. 

sm  20  =  -7- 

20  =  68**  28'. 

lliese  values  differ  from  the  constants  of  the  hyperboloid — 

2C,  by  0.03  of  an  inch  ; 
20,  by  o**  28'. 

(3.)  Adductor  secundus  (j3) — Woman. — The  next  example 
of  skew  muscles  that  I  shall  give  is  the  case  of  a  woman, 
on  whom  the  following  measurements  were  made  : — 

Woman — Adductor  secundus  (/3). 

Lengths  of  Origin  and 
Lengths  of  Fibres.  Insertion. 

p  =    567  in.  a  =  2.55  in. 

pi  =     8.00  „  a'  =  7.27  „ 

P2=  I1.S7  » 

Constants  of  Hyperboloid. 

2C  =  3.60 

20  =  70°. 

The  positions  of  the  points  f  and  7'  were  determined,  as 
in  the  case  of  the  Llama,  by  taking  the  fibres  in  pairs,  and 
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using  the  mean  of  all  three.     In  this  way  I  obtained  (93)  the 
following  equation : — 

14.  J4  a'  =  5.10  a  +  42.38 
a'  =  0.35  a  +    2.91. 

Substituting  this  value  of  a^  in  the  equation, 

p^  -  a*  +  a^  -  2aa'  cos  2^  +  4c*, 
we  find 

1.12  a*  4-  2.03  a  -  10.71  =  o  ; 
and  finally, 

(-4.13  (+  1.47 

Taking  the  first  pair  of  values,  which  correspond  to  the 
problem  in  hand,  we  find— 

Woman — Adductor  secundus  (/3). 


a   = 

+  2  32  m 

Oi  = 

+  1.04  „ 

02   = 

-  0.24  n 

a 

P" 

4-  0.409 

Pi' 

+  0.130 

Oa 

-  0.021 

:)= 

4-  0.518 

a   = 

■■    3-72  in 

a\  = 

7-3^  » 

a'2  = 

11.00  „ 

a; 

p 

+  0.656 

Pi  ' 

+  0.920 

02 

Pt 

+  0.951 

PJ 

-f  2.527 
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=  +  I.C22 

P 

I                 ^ 
-  =  0.170 

P              ' 

-T-  =  +  0.957 
Pi 

I 
—  =  0.I2C 

Pi 

"'"'•=      0.228 
Pt 

—  =  0.086 
Pt 

aa\ 

)  =  +  2.2CI 

P  1 

2  (i)  =  0.387 

From  these  data  we  find 

ir=  +  o  103 
mX  =  +  0.297' 
mX'  =  +  1 .448 

and,  finally,  the  equation  of  condition  (92)  becomes 

» 

-  0.153  X*  +  5.288  X'  +  3.710  X  +  0.040  =  o. 

The  root  of  this  equation,  which  gives  the  axis  of  maximum 
work,  is 

X  =  -  o.oii. 

(4.)  Additctor  aecundus  (/3) — African  Leopard. — The  fol- 
lowing measurements  of  the  skew  adductor  muscle  were  made 
upon  a  fine  male  Leopard,  from  the  west  coast  of  Africa : — 

African  Leopard, — Adductor  secundus  (/3). 

Lengths  of  Origin  and 
Lengths  of  Fibres.  Insertion. 

p  =  2.42  in.  a  =  2.76  in. 

Pi  =  3-27    yy  «'  =  5-4C    „ 

/>a  =  6.42   „ 
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Constants  of  H  jperboloid. 

2e  «=  2.05 
2^  =  60"*  30' 

The  points  I  and  /'  were  found  by  combining  the  fibres  in 
pairs,  the  mean  result  giving  the  following  relation  between 
a  and  a' : — 

13.56  a'  =  10.90  a  -  16.31 

a^  =  0.804     -     1.203. 

From  which  I  obtained,  as  before, 

0.84  o'  -  0.73  a  -  0.20  =  o 
+  1.09 


a  = 

-  0.22 


,,   (-0.34 

I -1-38 


Taking  the  first  pair  of  values,  as  before,  I  find — 


A/riean  Lecpard — Adductor  secundtts  (/3). 


0 


a  =  +  1*09  in. 

0'  =  -  0.34  in. 

Qi  =  -  0.29  „ 

a\  =  +  2.36  „ 

a,  =  -  1.67  „ 

a'a  =  +  5 -06  „ 

-  =  +  0.450 
P 

a' 

-  =  -0.145 

P 

—  =  -  0.090 
Pi 

—  =  -f  0.722 
Pi 

—  =  -  0  260 
P^ 

M 

—  =  +  0.788 
Pi 

-     =  +  O.IOO 

pj 

—  )  =  +  1.363 

{pJ             ^   ^ 
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aa  I 

—  =-o.iC3  -  =  0.411 

p  P 

—  =  0.106 
Pi 

-  =  0.1^5 


Oio'i 

Pi 

-   0.209 

ata't 

P* 

-    1.3*6 

(7)- 

-    1.678 

G)- 


0.874 


From  these  data  we  find, 


K--  1.024 
mX  =  +  0.050 
tnX^  =  +  0.681 ; 

and,  finally,  the  equation  of  condition  (92)  becomes 

+  1.372  X*  +  1.343  y?  +  1-091  X  -  0.077  =  o. 

The  root  of  this  equation,  corresponding  to  the  axis  of  maxi- 
mum work,  is 

X  =  +  0.07. 

In  the  preceding  cases,  and  in  others  which  I  have  cal- 
culated, too  numerous  to  quote,  we  find  that  the  generator  of 
the  hyperboloid,  which  constitutes  the  axis  of  maximum  work, 
corresponds  very  closely  with  the  value, 

A  =  o, 

the  geometrical  construction  of  which  is  shown  in  Fig.  90. 

It  is  not  difficult  to  show  that,  in  this  case,  the  entire  skew 
muscle  may  be  mechanically  replaced  by  a  single  fibre,  sup- 
posed to  be  endowed  with  the  united  force  of  all  the  fibres  ; 
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and  by  constructing  this  fibre,  we  may  obtain  a  clear  and 
direct  view  of  the  action  of  the  skew  muscle,  and,  as  I  believe, 
discover  the  reason  for  the  invention  of  such  muscles,  and,  at 
the  same  time,  test  directly  and  satisfactorily  the  truth  or 
falsehood  of  the  Postulate  (p.  238). 

Making  X  =  o,  in  equation  (100),  which  gives  the  work 
done  by  the  skew  muscle  for  any  generator,  we  find  for  the 
work  done  by  the  generator  TX  (Fig.  90),  the  following 
expression : — 


because  mX'  =  sin  ^  2  ( -  ). 


Let  us  now  assume 


"F=^(?)'  ('°s> 


where  n  denotes  the  number  of  fibres,  P  the  length  of  the 
equivalent  fibre,  and  L^  its  distance  from  the  pomt  F.  Hence 
we  find 


(f)-" 


2c  X  U  sin  2A  ,      .. 
p -\                 (106) 


which  represents  the  work  done  by  a  single  fibre,  n  times  as 
strong  as  any  single  fibre,  attached  to  the  bone  A^B'  at  the 
point  0\  corresponding  to  L\  and  having  a  length,  P. 
The  only  assumption  in  the  foregoing  is  (105),  that 


-^  - 1 K^) 


which  means  that  the  ratio  of  L^io  P  is  given.     Hence,  there 
are  an  infinite  number  of  single  fibres,  any  one  of  which 
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would  be  the  mechanical  equivalent  of  the  skew  muscley  pro* 
▼ided  it  be  80  placed  between  the  bones  as  to  make 


L 
P 


?-^K?> 


I  am,  therefore,  at  liberty  to  make  a  second  assumption,  for 
the  purpose  of  fixing  the  other  end  of  the  fibre,  and  so  render 
the  Problem  of  drawing  an  equivalent  fibre  definite. 

I  choose  a  point  0,  on  the  bone  AB^  determined  on  the 
same  principle  as  the  point  O",  viz.  :— 


L 
P 


->(=).  (.o,) 


and  if  from  this  point  I  draw  a  fibre  to  A^B\  satisfying  the 
condition  (loj),  the  fibre  joining  O  and  (y,  and  having  the 
united  force  of  all  the  fibres,  will  be  mechanically  equivalent 
to  the  entire  skew  muscle. 

But  the  single  equivalent  fibre  00^,  so  found,  will  not 
satisfy  the  Postulate  (p.  238),  tmless  its  extremities  lie  in  a 
plane  perpendicular  to  the  axis  of  rotation,  and  at  equal  dis- 
tances from  that  axis  {vide  p.  324) ;  from  which  it  readily 
follows  that,  if  the  Postulate  be  true,  the  points  Oand  Cy  must 
lie  at  equal  distances  from  the  socket  of  the  hip  joint. 

Let  us  proceed  to  inquire  whether  this  be  so  or  not. 

Determination  of  the  single  Fibre  equivalent  to  a  Skew 

Muscle, 

I.  Llama — Adductor  eecundus  (/3). — In  the  case  of  the 
Llama,  we  have,  for  four  fibres, 

s(^)  =  + 0-786  2^^j  =  +  4007. 
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Hence,  equations  (105)  and  (107)  give 

p---!-  0.196,  ^--l-  1.002; 

but 

P»  -  Zr*  +  Z"  -  %LL'  cos  20  +  4c*, 

from  which  we  find,  by  eliminating  L  and  L\  and  using  the 
constants  of  the  hyperboloid, 

2C-  238,  20-  49°  «5'» 

p..i^,  P=  5.157  in., 


and 


0.213 


i  -  +  1. 010  in.,  Z'  =  +  5. 167  in. 


On  laying  down  the  points  0  and  0^,  just  found,  upon  the 
pelvis  and  femur,  and  measuring  their  distances  from  the 
centre  of  the  socket  of  the  hip  joint,  I  found — 

Distance  from  O  to  centre  of  socket  =  2.88  in. 
Distance  from  O*  to  centre  of  socket  -  3.14  „ 


Difference,     •     .     0.26  in. 


The  points  0  and  (y  both  lie  within  the  origin  and  inser- 
tion ;  but  it  is  to  be  noticed  that  the  point  O  is  brought  down 
to  the  near  end  of  the  insertion  on  the  femur,  within  0.56  in. 
of  its  extremity.  We  may  also  remark  that  the  equitxiletU 
fibre,  OCy,  does  not  coincide  in  direction  with  any  of  the  real 
Qbres  of  the  muscle,  none  of  which  intersect  each  other  in 
space. 

2a 
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2.  "i/ofter  Moffrath'' — Adductor  $eeundu9  (fi). — In  the 
case  of  the  celebrated  Irish  Greyhoand  we  have 

20  B  1.68  in^  20  •-  69*  oio^ 

2  W  -  +  0.349.    2(-)  =  -^  ^'^^^^ 

corresponding  to  three  fibres :  from  these  data  we  find,  as 
before, 

j5  =0.116,  p-- 0-895, 

gj^        2.8224  _ 

^  = ,  L  =  0.38  in., 

0.20  -^ 

P  -  3.29  in.,  L*  a  2.95  in. 

On  laying  down  these  points  upon  the  pelvis  and  femur,  I 

found- 
Distance  of  0  from  centre  of  socket »  1.95  in. 
Dbtance  of  (y  from  centre  of  socket  =2.28    „ 


Difference,  .         0.23  in. 


Here  the  point  0  lies  inside  the  origin  of  the  muscle,  but  the 

point  O*  lies  completely  outside  the  insertion  of  the  muscle, 

at  a  distance  of  1. 19  in.  nearer  to  the  hip  joint  than  the  upper 

extremity  of  the  line  of  insertion; — ^and  the  equivalent  fibre 

0(y  is  shorter  than  any  real  fibre  of  the  skew  muscle. 

3.   Woman — Adductor  secundum  (/3). — In  this    case   we 

have 

2C  "  3.60  in.,  20  «  7o°.oo', 

2(^^  =  0.518,  s(^)  =  +  2.527. 

corresponding  to  three  fibres :  from  these  data,  we  find,  as 
before. 
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-p  =  +  oi73>  p  =  +  0842, 

0.361  ^  ^^      ' 

L  -  +  1 .04  in.,        Z'  =  +  5.04  in. 

On  laying  down   these  points  on  the  pelvis  and  femur,  I 
found — 

Distance  from  O  to  centre  of  socket  »  3.84  in. 
Distance  from  (y  to  centre  of  socket  »  3.64  „ 


Difference,  .         0.20  in. 


The  points  O  and  O^  are  both  inside  the  origin  and  ioser- 
tion. 

4.  African  Leopard — Adductor  aecundus  (j3). — In  this  case 
we  have, 

2C  =  2.05  in.,  2<^  =  60°  30', 

S^^)-  +  o.ioo,  s(^)-+i.3<^3 

corresponding  to  three  Gbres:  from  these  data  we  find,  as 
before, 

L  L' 

-  =  +  0.033,  F  '  "*■  ^'^^^' 

i  =  +  0.07  in.,  X'  =  +  I  03  in. 

On  marking  off  the  points  0  and  O  on  the  bones,  I  found — 

2  a2 
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Distance  of  O  from  centre  of  socket  »  1.82  in. 
Distance  of  0*  from  centre  of  socket »  2.32  ,, 


Difference,    •     .     .     0.50  in. 

The  points  0  and  (y  are  both  inside  the  origin  and  insertion, 
but  the  point  O*  is  only  0.41  in.  inside  the  posterior  end  of 
the  insertion,  showing,  as  in  all  the  former  cases,  that  the 
equivalent  fibre  is  inserted  very  high  up  on  the  femur. 

5.  African  Leopard — Adductor  secundus  (o). — I  shall  se- 
lect, as  my  last  example  of  skew  muscles,  the  ischiadic  sheet 
of  the  second  adductor  of  the  African  Leopard.  In  this  case, 
the  shortest  fibres  are  the  most  posterior  fibres  on  the  ischium, 
and  are  inserted  highest  up  on  the  femur :  this  difference  of 
arrangement  will  require  a  change  of  sign  in  some  of  the 
quantities  used  in  my  calculation,  which  will  be  readily  un- 
derstood from  the  formulae  employed. 

African  Leopard — Adductor  secundus  (a). 

LeDgthfl  of  Origin  and 
Lengths  of  Fibres.  Insertion. 

P  ^3-55  *°-  ^  =  ^-^^  *"• 

pi  =  424  >9  «'  =  S-40  „ 


p,  =  6.42  „ 


Constants  of  Hyper1>oloid. 
2C  a  2.26  in. 
2fp  =  74°  40'. 


The  positions  of  the  points  I  and  T  were  found  by  combining 
the  lengths  of  the  fibres,  in  pairs,  as  in  the  following 
equation : — 

Pa'  -  p*  =  2 (a  -  a^  cos  20}  a 
-H  2 {a'  -  a  cos  20)  a' 
+     {a'  -\-a^  -  2aa'  cos  20). 


I 
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The  resulting  relation  between  a  and  a\  which  is  the  mean  of 
the  three  different  combinations^  is 

3.04  a  +  9.9a  a'  +  2.43  =  o. 
From  this  relation  we  find,  as  before, 

1.25  a*  -  0.02  a  -  7.43  =  o, 

I  -  2.44  (  +  o«SO 

Adopting  the  second  pair  of  values,  which  correspond 
with  the  question  in  hand,  we  find : — « 

African  Leopard — Adductor  aeeundus  (a). 


a  =  -  2.44  in. 

a'  ■  +  0.50  m 

Ol  =  -  1. 61   „ 

o/  =  +  3.20  „ 

02  =  -  0.78  99 

o«'  =  +  5.90  „ 

-  =  -  0.687 
P 

a' 

—  =  +  0.141 

P 

Pi            ^ 

a/ 

—  =  +  0-755 
Pi 

Oa 

—  =  -  0.122 

Pt 

a,' 

—  =  +  0.919 

Pi 

^©-- 


189  ^(^)""^  ^'^' 


Hence,  as  there  are  three  fibres  employed,  we  find 

p  =  -  0.390,  73  "  "^  0.605, 

„,         C.IO76  ^  „       . 

P^  =  ^ ^,  P  =  3  82  m., 

0.3s 

L  =  -  1.5 1  in.,       X'  =  +231  in. 
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On  marking  off  the  points  0  and  (y  on  the  pelvis  and 
femur,  I  found — 

Distance  of  0  from  centre  of  socket  »  2.63  in. 
Distance  of  0^  from  centre  of  socket  «  2.58  „    - 


Difference, 


0.05  m. 


The  preceding  facts  demonstrate  in  a  remarkable  manner 
the  truth  of  the  Postulate,  p.  238,  as  applied  to  the  case  of 
skew  muscles.  The  postulate  requires  the  distances  of  the 
points  0  and  (y  from  any  point  situated  on  the  common  in- 
tersection of  the  two  planes  containing  the  bones  AB  and 
A'B'  to  be  equal;  and,  from  the  conditions  of  the  joint,  the 
centre  of  the  socket  is  supposed  to  lie  on  that  intersection. 
Bringing  together  all  the  results,  we  find 

Proof  of  the  Postulate  for  Skew  MuecUe. 


Musde. 

DistaDce 

from  0  to 

Socket 

Distance 

from  0'  to 

Socket. 

DiffiBrenoe. 

Angle. 

Adductor  teeundus  (fi). 

I.  Llama, 

a.  **  Master  Magrath/'    . 

3.  Woman,      •     .     •     • 

4.  Leopard,    .... 

2.88  in. 

«.95  »» 
3.84  » 
1.82  „ 

3. 14  in. 
2.28  „ 
3.64  « 
a.3»  M 

0.26  in. 

0.23  M 
0.20  „ 

050  i> 

470  28' 

49   »8 
43   a9 
51    53 

Adductor  aecundut  {a). 

5.  Leopard,     .... 

a. 63  »» 

a.  58  M 

0.05  „ 

44   »7 

Mean,  . 

47*  ar 

The  last  column  of  this  Table  shows  the  angle  made  by 
the  fibre  0(y  with  the  plane  containing  the  pelvic  origin  AB. 
This  angle,  according  to  the  Postulate,  ought  to  be  45®;  its 
mean  value  is  47°  21^  which  is  a  very  remarkable  approxima- 
tion in  observations  of  this  kind. 
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Let  P  denote  the  length  of  the  equivalent  fibre  joining 
0  and  (y  situated  in  the  two  rectangular  planes.  In  its 
position  of  maximum  effect,  the  perpendicular  let  fall  upon 
the  line  00*  from  the  intersection  of  the  planes  will  be  a 
maximum,  and  will  measure  the  work  done ;  wethus  have 


Maximum  Work  «  — . 

For  any  other  position  of  the  fibre,  making  an  angle  0 
with  one  of  the  planes,  it  is  easy  to  show  that  the  perpen- 
dicular, or 

p 

Work  done  ■  P  sin  9  cos  9  ■  —  sin  a  9. 

2 


Hence  we  have 


Work  done 
Maximum  Work 


=  sin  29. 


(io8) 


We  can  thus  calculate  a  Table  showing  the  percentage  of 
the  maximum  theoretical  work  possible,  which  is  actually 
done  by  the  observed  muscle  : — 

Ratio  of  Observed  Work  done  by  Skew  Mueclee  to  the  Maximum 

Possible  Work. 


Muscle. 

Work  done. 

Addue$9r  i^mndut  (fi). 

1.  Llama, 

2.  **  Master  Magrath,"      .     . 

3.  Woman, 

4.  Leopard, 

Adductor  ttcundus  (a). 

5.  Leopard 

99.63  per  cent. 

98.78      „ 
99. 86      „ 

97.  >3      .. 
99- 98       >* 

Mean, 

99.076  per  cent. 
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The  results  obtained  from  the  calculation  of  the  equivalent 
fibre  OCy^  furnish  us  with  more  than  a  proof  of  the  Postulate; 
they  give  us,  as  I  believe,  an  inner  insight  into  the  reason  fi^r 
the  invention  and  use  of  skew  muscles.  In  order  to  illustrate 
my  meaning,  I  shall  place,  in  the  form  of  a  Table,  the  dis- 
tances of  the  points  of  insertion  on  the  femur,  of  the  longest 
and  shortest  fibres  of  the  muscle,  together  with  the  distances 
of  the  point  of  insertion  of  the  (imagined)  equivalent 
fibre  OO. 


Position  of  Equivalent  Fibre. 


Socket  to  upper 

end  of  insert 

tion. 

Socket  to  lower 

endof  meer- 

tion. 

Socket  to 

inwrtica 

otOO". 

Adductor  tecundut  (/3). 

a.  •<  Master  Magnth,"    . 
4.  Leopard,     .... 

2.52  in. 

3-'o  »» 
3.3a  ». 
«.47  f» 

8.53  in. 
6.16  „ 

6.70  „ 

3. 14  in- 
3.28  „ 

3.64  „ 

a.3»  » 

Adductor  ttcutiduc  (a). 

5.  Leopard,     .... 

■•47  »» 

6.70  „ 

*.58  1, 

This  Table  shows  clearly  the  tendency  of  the  skew  form 
of  muscle  to  bring  the  resultant  line  of  force  higher  up  on  the 
femur,  and  nearer  to  the  hip  joint;  but  it  may  be  still  better 
seen  from  the  next  Table,  which  gives  the  actual  transfer  on 
the  femur  from  the  point  of  bisection  of  the  line  of  insertion 
along  the  linea  aepera. 
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Transfer  of  Force  caused  by  Skew  Musck. 


Miuole. 


'  Diitanoe  from 
0'  to  centre  of 
inaertiaii. 


Adductor  seeimdut  (j8). 

f.  Llama,  .... 
a.  "  Master  Magrath," 

3.  WomaDf 

4.  Leopard,     .     .     . 

Addnetor  teeundmt  (a). 

5.  Leopard,    .     .     , 


3.34  m. 
a.  77  .. 

1-33  f> 


0.89 


»» 


Length 
Femur. 


ia.81  in. 

8.57  » 

'6.50  „ 

8.80,, 


8.80 


it 


Proportionate 
Iranafer. 


18.3  percent 

33.3 
14. 1 

15. 1 


10. 1 


»» 


lO.  Theory  of  ftho  Hip  and  Slioqldor  Joliito^-jErtp  Joint. — 
We  are  now  in  a  condition  to  attempt  the  solution  of  a  most 
interesting  problem,  which  maybe  thus  stated : — Being  given 
all  the  muscles  that  surround  the  hip  joint,  let  it  be  proposed 
to  ascertain  the  position  of  the  socket  of  the  joint  which  will 
enable  all  the  muscles  to  perform  the  maximum  amount  of 
work.  The  following  classification  of  the  hip  joint  muscles 
may  be  employed  :  — 


Muscles  of  A  hduction. 


1.  Agitator  caudse. 

2.  Glutseus  primus,    .     . 

3.  Tensor  vaginae  femoris. 

4.  Glutseus  secundus  (a), 

5.  Glutaeus  secundus  (/3), 

6.  Glutseus  tertius,      .     . 

7.  Glutseus  quartus. 

8.  Glutseus  quintus. 

9.  Obtmrator  intemus. 


(Gl.  maximus.) 

(Pyriformis.) 
(Gl.  medius.) 
(Gl.  minimus.^ 
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Musclea  of  Flexion. 

1.  Rectus  femoris. 

2.  Sartoriu8. 

3.  Iliacus. 

4.  Psoas. 

Museka  of  Extension. 

m 

1.  Biceps  femoris. 

2.  Semitendinosus. 

3.  Semimembranosus 

4.  Gracilis. 

5.  Quadratus  femoris. 

Muscles  of  Adduction. 


1.  Adductor  primus,  .     . 

2.  Adductor  secundus  (a), 

3.  Adductor  secundus  (/3\ 

4.  Adductor  tertius,   .     . 

5.  Adductor  quartus, 

6.  Adductor  quintus, 

7.  Obturator  externus. 


(Ad.  magnus.) 

(Ad.  brevis.) 
(Ad.  longus.) 
(PectinsBus.) 


These  muscles  are  not  all  present  together  in  any  animal, 
but  the  greater  number  of  them  are  to  be  found  in  all  ani- 
mals, and  their  constancy  of  occurrence  and  similarity  of  ac- 
tion have  justly  attracted  the  attention  of  anatomists,  and 
several  theories  have  been  proposed  to  explain  their  simila- 
rity, among  which  the  most  remarkable  is  the  theory  which 
accounts  for  this  similarity  by  the  hypothesis  of  the  descent 
of  the  several  animals  from  a  supposed  common  ancestor. 

I  shall  choose  the  Lion  as  the  animal,  in  the  case  of  which 
I  shall  attempt  to  find  the  position  of  the  socket  of  the  hip 
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joint  which  shall  produce  the  maximum  effect  of  all  the 
muscles. 

Muscles  used  in  Abduction. — The  whole  group  of  muscles 
(i  to  8)  whose  action  is  abduction  of  the  femur,  either 
wholly  or  in  part,  may  be  regarded  as  examples  of  muscles 
of  the  same  class  as  the  great  pectoral  in  the  bird's  wing; 
that  is,  in  the  position  of  maximum  extension  of  the  fibres^ 
the  origin  and  insertion  may  be  regarded  as  lying  in  the 
same  plane,  which  plane  contains  also  the  centre  of  the  soc- 
ket of  the  hip  joint.  Hence  the  position  of  this  centre,  for 
maximum  work,  must  lie  somewhere  on  the  axis  of  maximum 
instability. 

I.  Agitator  catuke, — This  muscle  takes  its  origin,  for  a 
length  of  3.14  in.  from  the  ist,  2nd,  and  part  of  the  3rd  cau- 
dal vertebrsB,  and  is  inserted  by  means  of  a  long  tendon  into 
the  outer  side  of  the  patella.  Its  form  is  shown  in  Fig.  9  r , 
in  which  AB  18  the 
origin  and  A'B'  the 
insertion.  S  is  the  ac- 
tual socket  of  the  hip  ^ 
joint,  and  8Tthe  axis 
of  rotation.  The  mus- 
cle is  so  nearly  trian- 
gular in  shape  that  we 
may  assume  as  a  close 
approximation  (pp. 
271,  289),  that  tbe 
axis  LMy  which  bi- 
sects the  intercept  of 
OX  between  the  bones, 
is  the  axis  of  maxi- 
mum work.  On  mea- 
suring the  space  be- 
tween LM  and  57",  i 
found — 


Fig.  91. 
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Distance  between  calculated  and  observed  axes  «  0.23  in* 

a.  OhitcBUB primtis. — This  muscle  takes  its  ori^n  from  the 
sacral  vertebrse,  and  is  inserted  into  the  outer  edge  of  the  fe- 
mur,  below  the  great  trochanter,  for  a  length  of  2.90  inches. 
Its  form  is  shown  in  Fig.  92 » and  its  fibres  are  parallel  to  each 
other. 

The  coefficients  L^  M^  iV,  p.  292,  are — 


M 


I'V 


-# 


N^ 


V-f  V)  cos»  9d9 


In  the  case  of  pa-.L 
rallel  fibres,  these  be- 
come, 


Z  =  S| 


i-v) 


And,  since  the  point  0  has  moved  off  to  infinity,  I  +  I'  may 
be  regarded  as  equal  to  twice  the  distance  of  the  point  of 
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bisection  of  the  middle  fibre  from  the  point  0 :  let  this  dis- 
tance be  represented  by  K,  and  we  have, 

Ar,.,ff5;(J-,,), 


and  the  centre  of  the 
conic  is  found  from 
the  equation 

iLx  +  Jf  =  o, 

which  becomes 

2  (.r  +  K)  =  o, 

and  shows  that  the 
axis  of  maximum  work 
is  the  axis  which  bi- 
sects the  middle  fibre. 
In  Fig.  92,  AB 
is  the  origin,  and  A'B" 
the  inserUon  of  the 
muscle,  and  LM  re- 
presents the  calcu- 
lated axis,  and  57*, 
passing  through  the 
socket  <S,  the  actual 
axis  of  rotation. 

Kg.M. 
Distance  between  calculated  and  observed  axes  =  0.40  11 


M__ 1 /       L 

S  \  J         T 

B  W  / 

1  ^  ft 

e 
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3.  Tensor  vagincB  femoris. — This  muscle  takes  origin  from 
a  length  of  2.76  in.  along  the  lower  margin  of  the  anterior 
portion  of  the  ilium,  and  is  inserted  by  a  broad  fascia  into 
the  outer  side  of  the  thigh. 

The  origin  and  insertion  are  shown  in  Fig.  93,  at  AJB  and 

Producing  the  fibres  to  meet  in  O,  and  dividing  the  angle 
A  OB  into  three  equal  parts,  I  found — 

Liofi  (  Tensor  vaginae  femoris). 


Angle. 

/-r 

/oose 

rcO80 

o'oo* 

6  34  in. 

14.  to  in. 

7.85  in. 

J  'J 

7.75  .f 

14. 80  „ 

T'06  „ 

10  30 

9.20  „ 

15-60  „ 

6.70  „ 

1545 

»o  40  t. 

i<5.25  „ 

59'  " 

From  these  measurements  we  obtain — 


Angle. 

I 
l-V 

3.4621 
2.8207 
2.4239 
2. 1308 

o'oo' 

5.»5 
10.30 

'0.45 

0.1577 
0.  1290 

0. 10S7 

0.0961 

Sum,            0-4916 

10*8376 

Hence  we  obtain,  by  the  equation  to  find  the  centre  of  the 

conic  {66)i 

2Lx  f  If  =  o 

,  10.8375 
X  =  -  i -^-^  =  1 1.02  in. 

0.4915 
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In  Fig.  93,  the  axis  LM  is  drawn  at  this  distance  from 
the  vertex  0,  and  the  axis  STis  drawn  parallel  to  it,  passing 
through  the  socket  S, 

Distance  between  calculated  and  observed  axes  a  0.25  in. 

4.  OlutcBus  aecundus  (a). — This  muscle  (pyriformis)  takes 
its  origin  from  the  under  surface  of  the  sacral  vertebrae,  for  a 
length  of  2.60  in.,  and  is  inserted  into  the  inner  surface  of 
the  top  of  the  great  trochanter.     Its  form  is  shown  in  Fig.  94, 


0 

Fig.  94. 

where  AB  and  A^B^  are  its  origin  and  insertion.  It  is  so 
nearly  triangular  in  shape,  that  we  may  safely  assume  Xif, 
which  bisects  the  intercept  of  OX  between  the  bones,  to  be 
the  axis  of  maximum  effect.  ST,  as  usual,  is  th&  axis  pass- 
ing through  the  observed  socket  8. 

Distance  between  calculated  and  observed  axes  <=  0.16  in. 
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5.  Olntaiu  secunduB  (^) — This  tnnscle  takes  its  origin 
from  the  upper  two-thirds  of  the  entire  sutface  of  the  outer 
nde  of  the  ilium,  and  is  inserted  into  the  whole  of  the  top 
and  outer  surface  of  the  great  trochanter.     It  is  shown  in 


fig-  M- 


i.-,g.  (jj,  where  AB  is  the  curved  middle  line  of  its  origin, 
and  A'B'  the  curved  middle  line  of  its  inseiUon.  Dividing 
the  angle  AOB  into  three  parts,  we  obtain— 
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Lion — Gluteus  secundus  (j3) 


Angle. 

/-r 

/cos  9 

f  eo&e 

o* 

39' 

6.78  in. 

3.09  in. 

lO 

5.54  „ 

8  26,. 

»-74  *> 

20 

8.14  „ 

'0.95  » 

»-7»  u 

30 

8.58  „ 

11.7a  „ 

2.41  » 

From  these  measurements  we  obtain — 


and  lastly, 


Angle. 

10 
20 

30 

I 

/-r 

2.5»43 
1.9856 
1.6793 

'•5359 

0*558 
0. 1 805 
0. 1228 
0.1015 

Riim,         0*660e 

7-7261 

_  1  TJ211  =  f.8ein. 
'  0.6606     ^  ^ 


The  axis  LM  is  drawn  at  this  distance  from  the  vertex  0, 
and  57' 18  drawn  through  the  observed  socket. 

Distance  between  calculated  and  observed  axes  =  0.21  in. 


6.  OlutcBxis  ^^iw«.— 'This  muscle  takes  its  origin  from  the 
whole  of  the  lower  third  of  the  outer  surface  of  the  ilium,  and 

2b 
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is  inserted  into  the  top  and  outer  side  of  the  great  trochanter^ 
in  front  of  the  Olutceua  secundut  (/3).     It«  form  is  shown   in 


:-'  M 


Fig.  96. 

Fig.  96,  where  4-B  is  the  origin,  and  A'B*  the  insertion  of 
the  muscle.  By  dividing  the  angle  AOB  into  five  equal 
parts,  I  found  the  following  measurements : — 


Lion — GlntcBus  tertius. 


Angle. 

/-  /• 

leo&e 

/'  c(*8  e 

0' 

3.  30  in. 

4. 02  in. 

t  02  in. 

10 

350  „ 

4.47  ,f 

1.08  „ 

20 

4.04  „ 

5-^5  ,. 

1. 11  „ 

30 

4.68  „ 

5.8»  ,> 

«   'J  » 

40 

5-77  >» 

6.74     M 

1 .  20  „ 

50 

7.75  » 

8.30    M 

1.20  „ 
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From  these  measurements  we  obtain — 


Angle. 

I 

/-r 

1 

©• 

0. 3030 

».J»73 

lO 

0.2857 

1.5857 

ao 

0. 247J 

I. 5520 

30 

0.2137 

1.4872 

40 

o.»733 

I. 3761 

50 

0. 1261 

1.2258 

Sum, 

1 

1-3493 

8-7541 

Hence  we  find 

^  =  -  i  -±£ —  =  3.24  m. 
'-3493 

The  axis  LM,  in  Fig.  96,  is 
drawn  at  this  distance  from 
the  vertex  0,  and  the  axis 
8T  is  drawn  parallel  to  it 
through  the  socket  S. 

Distance  between  calculated 
and  observed  axes  =  o.  1 8 
in. 

7.  QlutCBUs  quartua.^' 
This  muscle  takes  origin 
from  a  horizontal  line  on 
the  ilium,  2  in.  long,  below 
the  OlutcBua  tertitM^  and  in 
front  of  the  acetabulum,  and 
is  inserted  on  the  inner  front 
of  the  great  trochanter,  in- 
side the  insertioivof  Glutmis 


2  b2 


^ig.  97- 
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UHiMi.  Its  origin  AB^  and  insertion  A'B\  are  shown  in 
Fig.  97.  On  dividing  the  angle  AOB  into  three  equal  parts^ 
1  found  the  following  results  : — 

Lion — 6ltil<Fus  t'-rtius. 


Angle. 

i-r 

/C06  0 

rco«e 

o*.oo' 

i 

3. 17  in. 

4.47  in. 

1 .  37  in. 

7.20 

3  »o  M 

4-70  -     ' 

•.50  f 

14.40 

3.33  .. 

4  95  -     . 

1.62  „ 

1 
22.00 

3-73  « 

'5*»      M 

«.65  „ 

From  these  measurements  we  obtiin — 


Auj^le. 


0*^00' 

7.20     1 

14.40 

22. 00 

m 

Sum, 

Hence  we  find 


/-r 


o.3i5S 
0.3125 

o. 3003 

o  2681 


L1964 


I    8423       I 

1-9375 

1.9730 
I. 8391 


7.6919 


1  7-59'9 

*  1. 1964     -^    ' 


Laying  down  this  line  ZJf,  and  drawing  ST  through   the 
socket  8t  we  find 


Distance  between  calculated  and  observed  axes  =0.19  in. 
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8.  GltUasus  quintus. — This  muscle  is  not  found  in  the 
Lion. 

9.  Obturator  intemua, — ^The  tendon  of  this  muscle,  as  in 
all  animals,  passes  over  a  pulley  formed  by  the  posterior  edge 
of  the  ischium,  and  is  inserted  into  the  upper  portion  of  the 
pit  of  the  great  trochanter.  If  we  measure  the  distances 
from  the  centre  of  the  socket  to  the  insertion  of  the  muscle 
and  to  the  centre  of  the  tendon  where  it  passes  over  the  pul- 
ley, we  find — 

Distance  from  insertion  to  centre  of  socket  =  2.40  in. 
Distance  from  pulley  to  centre  of  socket     «  2.30  „ 

From  these  measurements  we  readily  find 

0=46^13 

^  Work  done 

sm  2d  =  -r-t — : %I7 — r  =  99-9 1  P^r  cent. 

Maximum  Work  ^    '^ 

We  have  now  seen  that  in  the  case  of  all  the  muscles  used 
in  abduction,  the  centre  of  the  acetabulum  is  nearly  pierced 
by  the  axis  of  maximum  work,  proper  to  each  one  of  the 
seven  muscles ;  and  it  is  to  be  remembered  that  the  head 
of  the  femur  does  not  fit  the  acetabulum  exactly,  so  that  there 
is  a  play  permitted  to  the  axis  qf  rotation,  which  does  not  ne- 
cessarily pass  accurately  through  the  centre  of  the  socket  in 
every  motion.  The  diameter  of  the  acetabulum  is  1,42  in., 
and  hence  the  rotation  may  take  place,  in  some  instances, 
round  a  tangent  to  the  acetabulum  sphere,  at  a  distance  of 
0.71  in.  from  the  centre. 

Collecting  together  the  seven  muscles  of  abduction,  we 
find : — 
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Abduction  Muscles  of  Lions  Hip-^Differeiice  between  Theory 

and  Observation. 


Muscle. 


Weifffat 
Miisda 


I.  Affitator  caudao,  .     . 
a.  GlutsDus  primuB, . 

3.  TenBor  vaginsD  femoris, 

4.  OlutsDus  secundiiB  (a), 

5.  OhitniiB  secundus  03), 

6.  Glutsus  tertiuB,  . 

7.  GlatflBiiB  quartus, 

8.  Obturator  intemus,  . 


6 .  50  oz.  av. 
3.50 


6.50 
2.50 

14.50 

1.50 

0.53 
4.00 


ft 

»» 
f> 
If 
ff 
ff 
•f 


40.53  oz.  av. 


Distance 
between  cal- 
culated and 
obwrred  axes. 


O.23IZL 
0.40  „ 
0.15  .. 
o.  t6 

0.3I 

0.18 
0.19 

o.  10 


f> 
ff 

f 


II 


a2I5in. 


The  mean  difference  between  calculation  and  observation 
amounts  to  only  0.215  of  an  inch,  being  less  than  one-third  of 
the  total  range  (0.71  in.)  permitted  to  the  axis  of  rotation  by 
the  arrangements  of  the  joint. 

The  foregoing  mean  error  is  calculated  as  the  arithmetical 
mean  of  the  error  in  each  muscle,  or,  in  other  words,  all  the 
muscles  are  treated  as  of  equal  importance.  The  work 
actually  done  by  each  muscle  is,  however,  proportional  to  its 
weight,  and  we  may  calculate  the  mean  error,  taking  into 
account  the  relative  importance  of  each  muscle,  as  measured 
by  its  work  actually  done.  In  order  to  Gnd  this  mean,  we 
multiply  the  weight  of  each  muscle  by  its  error,  and  divide 
the  sum  of  all  the  products  by  the  total  weight  of  all  the 
muscles.     We  thus  find — 
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Abduction  Mttscles  of  Lion^s  Hip— Difference  between  Theory 
and  Observation^  taking  into  account  the  relative  importance 
of  each  muscle. 


Muscle. 

Weight. 

Weight 

X 

Error. 

.  Agitator  caudse,  . 

2.  Glutseus  primus, . 

3.  Tensor  vagina)  femoris.  . 

4.  Glutseus  8cr,undus  (a),    . 

5.  Glutasus  8ecundus  (41^),    , 

6.  Glutccus  tertiiis.  . 

7.  Gluttcus  quartus, 

8.  Obturator  intemus,  .     , 

6.50  oz.  av. 

3.5-        M 
6.50      n 
2.50      „ 

14.50      .1 

».5o      » 

0.53      « 
4.00      „ 

I.39SO 
1.4000 
1.6250 
0.4000 

3.0450 
0.4500 

0. IC07 

0.4000 

Total,     .     .        40. A3  oz.  av. 

a8157 

Dividing  this  last  sum  by  the  total  weight  of  the  muscles,  we 
find  the  mean  error  to  be  0.217  ^^  ^^  inch,  which  agrees  with 
the  former  result.  This  agreement  shows  that,  in  the  plan  of 
the  Hip  joint,  the  perfect  action  of  each  muscle,  small  and 
great,  is  equally  provided  for ;  just  as  in  a  well-ordered 
republic,  the  happiness  of  the  humblest  citizen  is  of  as  much 
importance  to  the  State  as  the  happiness  of  the  citizen  of 
highest  rank. 

Before  leaving  the  muscles  used  in  abduction,  it  may  be 
useful  to  record  the  actual  directions  of  the  axes  round  which 
they  cause  the  femur  to  rotate. 

We  may  take  the  longest  axis  of  the  pelvis  joining  the 
tuber  ischii  with  the  anterior  inferior  spine  of  the  ilium,  as 
our  reference  line,  measuring  the  angles  made  with  this  line 
towards  the  ischium,  positive  when  above  this  line,  and 
negative  when  below  it. 

On  laying  down  the  several  axes,  I  found  the  following  : — 
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Abduction  Muscles  of  Lions  Hip — Position  of  Rotation  cures. 


Maacte. 

Angle  made 

▼ith  long  axis 

of  pelvis. 

I.  Agitator  caudae,   . 
3.  Obturator  intemus,  . 

3.  Gluteus  secundus  (a), 

4.  GIutceuB  primus, . 

5.  Gluteus  quartus, 

6.  Gluteus  tertius,  . 

7.  Tensor  vaginiie  femoris,  . 

8.  GlutasuB  secundus  (/3),   . 

-  I5'45' 
0  00 

+  12  00 

+  »7  30 
+  39  »o 

+  4S  05 
+  48  15 
+  54  00 

Muscles  used  in  Adduction. — In  discussing  the  muscles 
used  in  abduction,  we  have  gone  half  way  round  the  hip 
joint ;  in  the  muscles  used  in  adduction,  we  shall  complete 
the  remaining  half  of  the  circle,  in  the  reverse  order,  as  shown 
in  the  Table  of  muscles  (p.  362). 

I.  Adductor  primus, — This  muscle  takes  its  origin  from 
a  surface  2.61  inches  in  length,  extending  nearly  from  the 
tuber  isclUi  to  the  posterior  end  of  the  symphysis  pubis ;  and  it 
is  inserted  for  a  length  of  4.40  inches  into  the  far  end  of  the 
Hnea  aspera.  It  forms  a  skew  muscle,  although  not  so 
markedly  as  the  other  adductors ;  and  we  shall  investigate  the 
conditions  of  its  maximum  work,  by  the  method  laid  down  for 
skew  muscles. 

Lion — Adductor  primus. 


Lengths  of  extreme 
Fibres. 

p  =    8.00  in. 
p,  =  II  60  „ 

Constants  of  Hyperboloid. 
2C  -  4.30  in. 

20  =  90"^. 


lengths  of  Origin  and 
Insertion. 

a  =  261  in. 


a  =  4.40 


n 
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Tt  will  be  unnecessary  to  investigate  the  biquadratic  (92), 
for  the  constant  20  »  90^  gives  us  m=  i,  and  therefore  A  =  o, 
is  a  root  of  the  equation,  as  may  be  seen  on  inspection. 

To  determine  the  points  /  and  /',  we  have 

/?«  =  a'*  +  a'*  +  4C\ 

/?,»  =  (a  +  a)'  +  (a  +  a')'  +  4<?% 

from  which  we  obtain 

or,  introducing  the  numerical  values, 

5.22  a  +  8.80  a'  -  44  39  "  o, 
a'  =  -  0.6  a  +     5.04. 

Introducing  this  expression  into  the  first  equation,  we  find 

1.36  a*  -  6.05  a  -  9.12  =  o, 


and  finally, 


-I. IS  1+5-73 


An  inspection  of  the  bones  shows  that  the  last  pair  of 
values  are  those  to  be  employed,  and  thus  we  find 


a   =  -  1.1  c  in. 

«    =  +    5-73  1" 

Oj   =  +    1.46     y, 

a/  =  +  10.13  „ 

a 

-   =  -  0.144 

—   -  +  0.716 
P 

—  =  +  0.120 

"'   -  +  0.808 

Pi  pi 


©-» 


018  21  °-  1  =  +   I.C24 
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From  these  results  we  can  calculate  the  equivalent  fibre 
OC,  as  follows : — 

-p  «  -  0.009,  "P  "  "*"  ^'1^^* 

-r^ ,  P  =  6.64  in., 

0.419' 

i  B  -  0.06  in.  i'  =  +  5.06  in. 

Laying  down  the  points  0  and  0'  on  the  bones,  I  found — 

Distance  from  0  to  centre  of  socket  -  5.16  in. 
Distance  from  (y  to  centre  of  socket  «  6.40  „ 

Difference,     .     .     .     1.24  in. 


These  measurements  correspond  to  an  angle  of  J  1^7^ 
made  by  the  fibre  0(y  with  the  plane  passing  through  the 
bone  AB^  or  by  equation  (108). 

Work  done  .     ,  ^^ 

^ — : r-  =  sm  (2u)  =  07.7  per  cent. 

Maximum  work  ^r  /  /  r 

2.  Adductor  secuudus  (a). — This  muscle  takes  its  origin 
along  a  surface  2.68  inches  long,  from  the  Utber  ischii  to  the 
posterior  end  of  the  symphysis  pubis,  and  is  inserted  in  continua- 
tion of  the  insertion  ot  adductor  primus,  higher  up  on  the  linea 
aspera,  for  a  length  of  3.45  inches.  It  is  more  skew  than 
adductor  primus,  but  less  so  than  adductor  secundus  (/3).  The 
ibllowing  measurements  were  made  upon  this  muscle  : — 

Lton — Adductor  secundus  (a). 

Lengths  of  equidistant  Lengths  of  Origin  and 

Fihres.  Insertion. 

p  =  5.34  in.  a  =  2. 68  in. 

Pi  =  6.40  „  a'  =  3  45   „ 

P2  =  7.60  „ 
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Constants  of  Hyperboloid. 
2C  =  4.06  in. 
2^  =  91'' 15'. 

The  angle  between  the  bones  is  so  nearly  90®  that  we  may 
assume,  as  before,  that  X  »  c  is  a  root  of  equation  (92). 
To  determine  /  and  /',  we  have 

J»a*  -  j»»  =  2aa  +  2a'a'  +  (a*  ■¥  a"^), 

which  gives  us 

5.36  a  +  6.90  a'  -  10.17  =  o, 
a'  =  -  C.78  a  +  1.47. 

Substituting  this  value  of  a'  i»  the  expression  for  p\  we 
obtain 

1. 61  a'  -  2. 29  a  -  9.87  =  o, 
and  finally, 

i  ■¥  5.30  in.  ^  _  (  -  1. 10  in. 

""I-  1.87  „  "  "  i  +  2.93  „ 

On  inspection  of  the  bones  it  is  evident  that  the  latter  pair 
of  roots  are  those  required  in  the  problem.     Hence  we  find — 


a   -  -  1.87  in. 

a'  =  +  2.93  in. 

a,  =  -  0.53   „ 

a/    =    +    4.66      yf 

02  =*  +  0.81   „ 

02  =  +  6.39  „ 

a 

-  -- 0.350 

P 

a' 

~  -  +  0.549 

—  =  -  0.083 

"^'  =  +  0.728 
Pi 

at 

—  =  +  0.107 

P2 

"*'  =  + 0.841 
Pa 

©-- 


a'' 


326  S(  — )  =  +2.ii8 
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In  order  to  find  0  and  0\  we  have 

-  -- 0.109,  -p  -»  + 0.706, 

^      16.4836       „    _ 
0.4897  ^ 

i  =  -  0.632  in.,    i'  =  +  4.096  in. 

On  laying  down  the  points  0  and  O',  thus  found,  on  the 
bones,  I  obtained — 

Distance  of  0  from  centre  of  socket  »  4*;7  in. 
Distance  of  0^  from  centre  of  socket  »  5*31    ^ 

Difference,     .     .     .     074  in. 


Work  done  .       ^       ^  „« 

Ti — : r  =  sin  2d  =  08.88  per  cent. 

Maximum  work  *^ 

3.  Adductor  aecundus  (/3). —  This  muscle  takes  its  origin 
for  a  length  of  3.72  inches  along  the  symphysis  puhis^  and  is 
inserted,  side  by  side,  with  Adductor  sec  find  us  (a),  into  3.45 
inches  of  the  upper  portion  of  the  linea  aspera. 

Lion — Adductor  secuudun  (j3). 

Lengths  of  Equidistant  Lengths  of  Origin  and 

Fibres.  Insertion. 

p  =    5.86  in.  a   =  3.72  in. 

Pi  =    8.03  „  a'  =  3.45   „ 

;a^=  10.16  „ 

Constants  of  Ilyperboloid. 

2C  =  3.20  in. 

2^  =  49"^  00'. 
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In  order  to  calculate  the  positions  of  the  points  /  and  /', 
we  have  (taking  into  account  the  precautions  as  to  sign  already 
mentioned),  vide  equation  (93), 

/V  -  p*  ^  -  2{a  ^  of  cos  2^)  a  +  2  (a  +  a  cos  0)  a', 

+  (a*  4  a'*  +  laa'  cos  2^). 

From  this  we  find 

11.78  a'  =  11.96  a  +  26.30, 
a'  =  a  +  2.23. 

Substituting  this  value  in  the  equation 

/>'  =  a'  +  a**  -  2aa  cos  20  +  4c*, 
we  find 

o  69  a'  +  1.53  a  -  19.13  =  o, 

and  finally, 

a={^  4-27  ,^  I  +  6.50 

(  -  6.49  "  "  (  -  4  26 

The  first  pair  of  values  are  those  required  by  our  present 
problem.     Using  them,  we  obtain — 

Lion — Adductor  secundua  (j3). 


a   = 

+  4-27 

Qi  = 

+  2.41 

oa  = 

+  0.55 

a 

+  0.728 

=  +  0.500 

0% 

«  +  0.054 

0- 


+  1.082 


a' 

=    +    6.50 

a,' 

-    +    8.23 

0.' 

«  +  996 

P 

«  +  1. 1 09 

/'I 

=  +  1.025 

=  +  0  980 

^(?) 

«  +  3. 114 
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I 

-  -  0.I7I 

p 

-- 0.124 
Pi 

OiQi 

-  +  2.470 

Pi 

—  »  0.008 

P2 

-  +  0.539 

Pi 

Q)- 0.393  s(^)  =  -.  7-745 

Hence  we  obtain,  using  equations  (96), 

mX  =  +  0.449, 
mX^  -  +  1.292. 

If  we  now  employ  these  values  to  calculate  the  coeffacients 
of  (92)9  we  find  for  the  biquadratic  which  determines  the 
position  of  the  generator  of  maximum  work, 

-  0.647  ^*  +  5-45^  ^'  "^  4-495  ^  +  0.405  «  o. 
One  of  the  real  roots  of  this  equation  is 

X  «  -  0.09 

Ilcnce  the  construction  (Fig.  90)  applies,  and  we  can  find  the 
positions  of  0  and  (7,  and  the  length  of  the  equivalent  fibre, 
as  follows : — 

L  ^  L'  ^ 

p-  +  0.361,  p  "^  "•^3^- 

Using  these  values  in  the  equation, 

P'  =  i»  +  i'»  -  2LL'  cos  20  +  4c», 
we  find 

m       'Q-^4  D       <       /:• 

l*^  =  rr-  P  =  6.026  m. 

0.282 

X  =+  2. 1 75  in.      i'  =  +  6.255  "^« 
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Laying  down  these  points,  as  before,  on  tlic  bones,  I  found — 

Distance  of  0  from  centre  of  socket  =:  3.63  in. 
Distance  of  0'  from  centre  of  socket  -  4.46  „ 

DiiSerence,     •     •    .    0.83  m. 

0-50^51. 

Work  done  .      ^ 

^ — : r-  =  Sin  2d  =  97. 02  per  cent. 

Maximum  work  ^'  ^    ^ 

4.  Adductor  tertiua  {brevis). — This  muscle  is  wanting  in 

the  Lion. 

$.  Adductor  quartus   (longua).       )  These    muscles    take 
6.  Adductor  quintus   (pectinceus).  )  origin,  side  by  side, 

from   the   anterior  margin  of  the  pubes,   for   a  length    of 


Fig.  98. 

1.70  in.,  and  are  inserted  in  like  manner  into  a  Ime  2.95  in. 
in  length,  lying  beside  the  insertion  of  Adductor  secundua. 
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and  to  its  inner  side.  When  the  thigh  is  abducted,  these 
muscles  form  plane  quadrilaterals,  and  1  have  already  shown 
(p.  328)  that  they  are  nearly  inscribable  in  circles,  which  is 
the  geometrical  condition  necessary  to  produce  the  maximuin 
work. 

In  Fig.  98  I  have  drawn  these  muscles  to  scale,  from  the 
measurements  given  in  p.  328.  The  pelvic  origin  is  AB, 
and  the  femoral  insertion  is  A'B\  If  the  quadrilateral 
ABBA*  be  inscribable  in  a  circle,  then  if  ^'^  and  BB  be 
produced  to  meet  in  0,  and  OYX  be  drawn  bisecting  the 
angle  AOBy  the  triangle  CXF should  be  isosceles,  and  the 
side  CX  equal  to  the  side  CY,  I  found  the  following  mea- 
surements, on  the  scale  of  nature : — 

CX  =  4  29  in 

cr=  4.30  „ 

From  this  result  we  can  calculate  the  ratio  which  the  work 
actually  done  by  the  muscle  bears  to  the  maximum  work  pos- 


s 


Fig.  99. 

sible.  Let  CX  Y  (Fig.  99)  be  the  same  triangle  as  in  Fig.  98, 
and  let  SC  be  the  axis  of  rotation  passing  through  the 
socket  S.     Draw  through  A"!"  the  plane  YPX  perpendicular 
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(or  nearly  so)  to  the  axia  SC^  and  let  us  use  the  following 
notation : — 

XCY^fp,  YP^y,  XP^x. 

It  is  easy  to  see  that  we  have  the  following  relations : — 

y^  +  ai^  ^  b*  -k^  a^  -  2ab  cos  ^^ 
from  which  we  obtain 

y  _    lb  (b  -  a  cos  0) 
*     ya  (a-  b  cos  ^) 

y     ^      n  Work  done  .       ^ 

-  =  tan  a,  =r= — ; r-  =  sm  2u. 

X  Maximum  work 

Substituting,  in  the  foregoing,  the  following  observed 
values, 

a  =  4.29  in.,         b  =  4.30  in.,         ^  =  9**  3o'» 

we  obtain 

|  =  tan(49°4S0, 

^         Work  done 

sm  2S  =  Ti — : r  =  98.63  per  cent. 

Maximum  work      ^      '^  ^ 

7.  Obturator  extemus. — ^This  muscle  has  the  usual  origin, 
and  is  inserted  into  the  deepest  portion  of  the  pit  of  the  great 
trochanter ;  it  may  be  regarded  as  a  triangular  muscle,  and  the 
proportion  of  the  work  done  by  it  to  the  maximum  work 
possible  may  be  found  by  measuring  the  distances  from  the 
insertion  and  central  point  of  origin  from  the  centre  of  the 
socket.     We  thus  find — 

Distance  from  insertion  to  centre  of  socket  =  2.33  in. 

From  centre  of  Obturator  foramen  to  centre  of  socket  ■  2.27  „ 

2c 
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Hence  we  find 

e  =  45°  45'» 

^        Work  done  ^ 

sin  aS  -  n — = r  "  99-9^  P®'  ^^^^^ 

Maxiinuin  work 

Collecting  the  preceding  results  into  one  Table,  we  find — 

Adduction  Muscles  of  Lions  Hip— Difference  between  Theory 

and  Obsei-vcUion. 


MuBcle. 

I>ifliDrenoe  between 

1.  Adductor  primuB,      .      . 

2.  Adductor  secunduB  Ta), 

3.  Adductor  socundus  (j3), , 

4.  Adductor  tortiuB, 

5.  Adductor  quurtus,     . 

6.  Adductor  quintus,     . 
'7.  Obturator  extomus, . 

■ 

1 

i 

97 .  70  per  cent. 
98.88        „ 

97. 9»        .1 

98.63        „ 

98-63 

99- 96        .1 

a.  30  per  cent. 

i.ia         II 
2.08         „ 

'.37         ft 

1.37         II 
0.04        „ 

1*38  per  cent. 

Mean,     .     .     .           98*62  per  cent 

Nothing  can  be  more  complete  than  the  proof  afforded  by 
the  foregoing  Tabic,  that  the  adduction  muscles,  like  the 
abduction  muscles,  are  all  placed  in  reference  to  the  socket 
of  the  hip  joint,  in  such  a  manner  as  to  produce  the  maximum 
amount  of  work. 

It  is  unnecessary  to  discuss  the  case  of  the  flexion  and 
extension  muscles,  for,  in  p.  258,  et  seq.y  I  have  fully  proved 
that  they  are  placed  (not  merely  in  relation  to  the  hip  joint, 
but  also  in  relation  to  the  knee  and  heel)  so  as  to  produce  the 
maximum  of  work  possible. 

It  would  be  tedious  to  make  similar  calculations  for  the 
muscles  of  other  animals ;  and  it  is  sufEcient  to  state  that  I 
have  completed  many  such  calculations,  for  the  hip,  shoulder, 
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and  other  joints  of  many  animals,  and  that  I  have  never  met 
\vith  any  exception  to  the  following  Propositions,  which  may 
be  regarded  as  summing  up  my  results : — 

1°.  Each  muscle  is  eonstrnctedin  relation  to  its  joints  in  such 
a  manner  as  to  perfo7*m  one  kindofworky  only  ;  and  it  performs 
that  work  to  maximum  advantage. 

2°.  The  number  of  muscles  employed  is  determined  by  the 
number  of  diatinct  actions  required  from  the  Umb. 

3°.  The  shape  and  form  of  the  bones  employed  are  the 
necessary  consequence  of  the  shape  and  power  of  the  mttscles  in 
action* 

4°.  The  smallest  muscle  in  the  cambination  is  as  carefully 
adapted  to  its  conditions  of  maximum  work  as  the  largest  muscle. 

From  these  Propositions,  supposed  to  be  extended  to  the 
action  of  every  muscle  and  joint,  it  appears  to  me  to  follow 
as  necessary  consequences : — 

1°.  That  a  foreseeing  Mind  planned  the  type  of  the  limb, 
and  of  its  actions. 

2°.  The  idea  of  the  limb  and  of  its  necessary  actions  being 
given;  the  number,  shape,  and  arrangement  of  the  necessary 
muscles  can  be  calculated  and  predicted  with  as  much  certainty 
as  an  astronomer  can  predict  an  eclipse. 

3°.  That  the  shape  and  arrangement  of  the  bones  follow  of 
tiecessity,  from  the  necessary  arrangement  of  tlie  muscles. 

4°.  That  any  alteration,  however  slight,  in  any  part  of  the 
combination  of  bones,  muscles,  and  joints,  would  entail  a  loss  of 
work,  and  lead  to  a  less  perfect  meclianism. 

5°.  Hence,  the  permanence  and  stability  of  each  species  {so 
far  as  relates  to  bones,  muscles,  and  joints)  is  absolutely  secured, 
on  the  principles  so  admirably  laid  down  by  Mr.  Darwin. 

6.  The  profound  study  of  the  mechanism  of  joints  lends  no 
support  to  the  postulate,  that  the  similarities  found  to  exist  in  the 

2c2 
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bones,  mwicleSy  and  joints  of  animals  may  be  explavied  by  common 
descent  from  a  supposed  common  ancestor. 

Shoulder  Joint — ^The  shoulder  girdle  differs  from  the 
pelvic,  in  being  moveable,  so  that  the  centre  of  the  socket 
round  which  the  arm  revolves  is  not  fixed  in  one  definite 
position,  but  may  be  fixed  for  the  moment  by  the  action  of  its 
own  muscles,  or  it  may  be  itself  in  motion  during  the  motion 
of  the  arm.  Notwithstanding  its  greater  complexity  of  action, 
the  same  principles  may  be  applied  to  the  shoulder  joints 
that  were  used  in  the  discussion  of  the  hip  joint ;  and  they 
lead  us  to  the  same  general  conclusions,  as  to  the  absolute 
perfection  of  the  mechanism  of  the  shoulder  joint  in  all 
animals. 

If  we  compare  together  the  muscles  of  the  shoulder  and 
hip,  setting  aside  those  of  the  shoulder  which  are  peculiar  to 
it,  from  the  mobility  of  the  shoulder  girdle,  we  find  the  fol- 
lowing Table  of  comparative  muscles,  corresponding  to  each 
other  in  action  : — 


Shoulder  Joint. 
Muscles  of  Abduction. 

1.  Trapezius  inferior,  . 

2.  Trapezius  superior, 

3.  Deltoideus, 

4.  Teres  major, .... 

5.  Supraspinatus,    .     .     . 

6.  Infraspinatus,      .     .     . 

7.  Teres  minor,  .... 

8.  Infraspinatus  secundus, 

9.  Subclavius,     .... 

Muscles  of  Flexion. 

1 .  Triceps  longus,  .     .     . 

2.  Tricipiti  accessorius, 

3.  Subscapularis,     .     .     . 

4.  Latissimus  dorsi,      .     . 


Hip  Joint. 

Muscles  of  Abduction. 

Agitator  caudal. 

Glutaeus  primus. 

Tensor  vaginae  femoris. 
Glutaeus  secundum 
Glutseus  tertius. 
Glutaeus  quartus. 
Glutoeus  quintus. 
Obturator  internus. 

Muscles  of  Flexion. 

Rectus  femoris. 
Sartorius. 
lliacus. 
Psoas  magnus. 
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Muadea  of  Extonaion.  Musclea  of  Extension. 

1 .  Biceps  coracoradialis,  .     .     .  Biceps  femoris. 

2.  Biceps  glenoideus,        .     .     .  Semitendinosus. 

3.  Brachiscus, Semimembranosus. 

4.  Coracobrachialis  capsularis,  .  Quadratus  femoris. 

Muscles  of  Adduction.  Muscles  of  Adduction. 

1.  Coracobrachialis,      ....     Adductor  primus. 

rAdductor  secundus. 

Tk    ^      ,.         .  1  Adductor  tertius. 

2.  Pectoralis  major,     .     .     .     •  <   .  , , 

Adductor  quartus. 

Adductor  quintus. 

3*  Pectoralis  minor,     ....     Obturator  extemus. 

4.  Pectoralis  quartus,  ....     Gracilis. 

The  similarity  in  the  muscles  of  the  shoulder  and  hip 
is  a  necessary  consequence  of  the  idea  which  is  common  to 
both  joints ;  viz.,  a  single  long  bone  revolving  round  a  centre, 
and  acted  on  by  muscles  terminating  in  that  bone,  and  taking 
their  origin  from  a  girdle,  either  absolutely  or  relatively  at 
rest.  There  are  some  twenty  or  twenty-five  actions  necessary 
in  such  a  system,  and,  therefore,  a  muscle  is  '*  told  off"  to 
perform  to  maximum  advantage  each  proper  action.  In  the 
order  of  nature,  the  following  method  is  observed  in  all  the 
mechanisms  of  the  body,  of  every  animal : — 

i'^.  A  contriving  Mind. 

z^.  The  Idea  of  the  mechanism  and  its  actions. 

3^.  A  perfect  muscle  to  perform  each  action. 

4^.  Bones  of  form,  magnitude,  and  position,  which  can  be 
predicted  from  the  condition  of  maximum  work  imposed  on 
each  muscle  employed. 

Here  we  obtain  a  solid  and  permanent  foundation  for  the 
Science  of  Comparative  Osteology,  founded  on  Geometry  and 
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Mechanics^  combined  with  the  Postulate  of  maximum  work ; 
and  starting  from  this  foundation,  in  the  inverse  order  to  that 
employed  in  the  case  of  the  Lion's  hip,  we  might  proceed  to 
re-clothe  a  given  skeleton  with  its  proper  muscles,  and  cal- 
culate with  accuracy  the  amount  of  the  forces  employed  in 
every  action  of  the  body  of  the  living  animal. 

II.  Moflonlar  Types. — I  now  propose  to  develop,  by 
means  of  a  few  examples,  the  theory  of  Muscular  Types,  of 
various  animals,  based  upon  the  preceding  proofs  of  the 
individual  importance  of  each  muscle  ;  and  shall  choose  as 
my  first  example  the  well-marked  Type  of  the  Felidw, 

(a.)  Muscular  Type  of  the  Felidm. — In  discussing  the 
theory  of  muscular  types,  I  shall  confine  my  attention,  chiefly, 
to  the  hip  and  shoulder  muscles.  Let  the  weight  of  each 
muscle  be  taken,  as  measuring  the  work  done  by  it,  and  let 
the  total  weight  of  all  the  muscles  acting  on  the  joint  be 
represented  by  loo,  so  that  the  weight  of  each  muscle  is 
given  as  a  percentage  ;  we  may  thus  construct  Tables  for  the 
several  animals  in  which  all  the  figures  are  comparable.  In 
order  to  avoid  unnecessary  columns  of  figures,  I  do  not 
reproduce  the  actual  weight  of  each  muscle,  but  give  the 
total  actual  weight  af  all,  so  that  any  reader  can  calculate 
back  from  the  Table  the  original  weight  of  any  muscle.  The 
animals  selected  for  the  present  purpose  are — 

1.  Adult  Ai'rican  Lion  (magnificent  specimen). 

2.  Adult  African  Lioness  (not  related  by  blood  to  Lion). 

3.  Bengal  Tiger  (magnificent  specimen). 

4.  Indian  Leopard  (male). 

5.  African  Leopard  (male). 
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Muscular  Type  of  Larger  Felidw^Hip  Joint. 


Abduetort, 

I.  Aeitator  caudffi,  .     . 
a.  GlutsBus  primus, .     .^ 

3.  Tenaor  yagineB  femoris, 

4.  OlutsBUB  aecimdus  (a), 

5.  GlutsBUB  Beoundus  (/3), 

6.  GlutsBus  tertiofl,  .     . 

7.  GlutAus  quartufl, 

8.  Obturator  intemus,  . 

Flexort, 

1.  Rectus  femoru,   .     . 

2.  Sartoriua.       .     .     . 

3.  Psoadiliaottt,        .     . 

Sxtepuort, 

1.  Biceps  femoris,    . 

2.  Bicipiti  acceasorius, 

3.  Semitendinoeus,  . 

4.  Semimombranosus, 

5.  Gracilis,   . 

6.  Quadratus  femoris, 

Adducton. 

1.  Adductor  primus,     ) 

2.  Adductor  secundus,  ] 

3.  Adductor  quartus,    ) 

4.  Adductor  quintus,    I 

5.  Obturator  eztomus,  . 


For  cent. 


Total  weights,     .     . 


57 

93 

57 

97 

37 

1.37 
0.29 

2.20 


6.05 
6  45 
5-9« 


i5»5 

5-50 
9.18 

4.94 
0.86 


20.24 

1.92 
«.43 

100 

0«.  ftv. 
181-96 


Percent. 

3." 
2.07 

4.39 
7.ai 
1. 19 
1.24 
o  16 
2.24 


Tiger. 

Mean. 

Percent. 

Percent. 

4.10 

3.60 

1.60 

1.87 

3.76 

3.9« 

7.49 

7.56 

0.83 

1. 13 

0.98 

1. 19 

0.30 

0.35 

1. 41 

«  95 

5.6a 

5.74 

7.90 

6.58 

4.75 

5.45 

17.21 

16.65 

0.30 
5.>4 

8.79 
4.86 

0.78 


The  total  weights  of  the  muscles  in  the  Tiger  and  Lion 
show  the  great  superiority  of  the  Tiger,  and  this  superiority 
is  further  confirmed  by  the  weights  of  the  muscles  of  the 
shoulder  joint,  which  will  be  given  presently.  In  fact,  if  we 
take  the  Tiger  as  our  standard,  and  compare  with  him  the 
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Lion  and  Lioness,  it  is  easy,  from  the  weights  of  muscles 
given  in  the  Tables,  to  calculate  the  following : — 

Comparative  Strength  of  Tiger  and  lAon. 


Tiger. 

lion. 

liaoeiB. 

Hip  joint,      .... 
Shoulder  joint,    .     .     . 

1 

IOC          65.90 
100          69. 93 

5a  II 
51.55 

From  this  Table  it  appears  that  the  strength  of  the  Lion  is 
about  two-thirds  of  that  of  the  Tiger,  and  that  the  strength 
of  the  Lioness  is  about  one-half  that  of  the  Tiger.  From  the 
greater  development  of  the  fore- quarter  of  the  Lion,  as  com- 
pared with  that  of  the  Lioness,  we  find  that  the  shoulder 
muscles  of  the  Lion  bear  a  somewhat  greater  proportion  to 
those  of  the  Tiger,  than  the  hip  muscles  do ;  while  in  the 
Lioness  the  proportions  of  the  muscles  of  the  shoulder  and 
hip  continue  to  have  the  same  relation  to  the  corresponding 
muscles  of  the  Tiger. 

In  the  time  of  the  Emperor  Titus,  Tigers  and  Lions  were 
forced  to  fight  in  the  Amphitheatre  at  Rome,  and  it  is 
recorded  by  Martial  that  the  Tiger  was  able  to  kill  the  Lion, 
a  fact  which  has  been  confirmed  by  accidental  contests  be- 
tween these  animals  occurring  in  modern  menageries. 

*^  Lambere  sccuri  dextram  consueta  magistri 

Tigris  ab  Hyrcano  gloria  rara  jugo 
SiBva  ferum  rabida  laceravit  dente  leonem : 

Res  nova,  non  ullis  cognita  temporibus. 
Ausa  est  tale  nihil,  sylvis  dum  vixit  in  altis, 

Postquam  inter  nos  est,  plus  feritatis  habet.''* 


*  Martial.     Dc  Sj)eclacuiis  Ep,  X. 
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Muscular  Type  of  Lesser  FelidcB — Hip  Joint 


Muflde. 

Indian 
Leopard. 

African 
Leopard. 

Mean. 

Abduetori, 

Percent. 

Pet  cent. 

Per  cent. 

I.  Aeitator  Cauda),  .... 
a.  Glutsus  primus, .... 

4.44 

3.57 

4.01 

1.82 

1.36 

1.59 

3.  Tenflor  vaginas  femoris,  .     . 

3.93 

3-3« 

3.66 

4.  GlutsBus  secunduB  (0).    • 

5.89 

6.62 

6*5 

5.  Gluteeus  secundus  (/S),    .     . 

0.99 

0.80 

0.89 

6.  GlutcBUB  tertius,  .... 

1. 31 

1.09 

1.20 

7.  GlutffiUB  quartus. 

0.20 

0.31 

0.25 

8.  Obturator  intemuB,  .     . 

2.01 

1.72 

1.87 

Flexor$. 

I.  Rectus  femoris,   .... 

6.69 

6.20 

6.45 

a.  Bartorius, 

6.82 

6.44 

6.63 

3.  FsoadiliacuB, 

5.64 

5.84 

5.74 

Extmuon, 

I.  Biceps  femoris,    .... 

1^-57 

17.5^ 

17.07 

2.  Bicipiti  accessorius,  .     .     . 

0.30 

0.35 

0.32 

3.  Semitendinosus,  .... 

5.62 

6.04 

5.83 

4.  Semimembranosus,   . 

9.19 

10.32 

9.76 

5.  Gracilis, 

4.14 

4.08 

4.  II 

6.  Quadratus  femoris,   . 

0.63 

0.80 

0.71 

Adductori, 

I.  Adductor  primus,      .     . 

7.67 

7.61 

7.64 

a.  Adductor  secundus,  . 

13.83 

13.38 

13.6' 

3.  Adductor  quartus,  1 

4.  Adductor  quintus,  /  '     *     * 

1.26 

1. 14 

1.39 

5.  Obturator  eztemus,  .     .     . 

1.17 

1. 14 

I.  IS 

100 

100 

100 

Oi.  av. 

Oi.  ay. 

Total  weights,     .     . 

58-33 

48-33 

These  results  show  a  general  close  agreement  with  those 
obtained  from  the  larger  Felidse;  and,  if  we  compare  the 
muscles  in  groups,  according  to  their  general  action,  we 
obtain  the  following  comparative  Table : — 
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Muscular  Type  o/Fetidw — Hip  Joint 


Abductors. 

Flezon. 

Eztenaora. 

Adduetoca. 

lion  and  Ti^r, 
Leopard,      .     .     . 

21.46 
19.72 

«7.77 
18.82 

36.62 

37.  «o 

»4. 15 
23.66 

We  shall  now  proceed  to  examine  the  muscular  type  of  the 
shoulder  joint  in  the  Felidae,  using  the  same  animak  as  before: — 

Muscular  Type  of  Larger  FelidcB — Shoulder  Joint. 


Muscle. 


Scapular, 

1.  TrapexiuB  olavionlaris, 

2.  Cleidomastoidcus,  . 

3.  Trapeziua  inferior, 

4.  Trapezius  superior, 
f.  Omo-Atlonticus, 

6.  Serratus  magnua, 

7.  Rhomboideus,    . 


Abduetort, 

1.  Deltoideus,    .  . 

2.  Tcree  major,  .  . 

3.  Supraspinatus,  . 

4.  Infraspinatus,  . 

5.  Teres  minor, .  . 


Flexort. 
I .  Triceps  longus. 


I  2.  Tricipiti  accessorius 

3.  Subsoapularis,    . 

4.  Latissimus  dorsi, 

ExtenMort, 

1.  Biceps  humeri,  . 

2.  BrachiaDus,    .     . 


I 


Adductort, 

1.  Coracobrachialis, 

2.  Pectoralis  major, 

3.  Pectoralis  quart  us, 


lion. 


Percent. 

3.85 
1.80 

1.48 

".30 
1.27 

8.81 
3- 50 


4.85 

4.03 
6.16 

5.28 

0.23 


12.51 
0.80 
6.  25 

10.83 


3-39 
I. 71 


o   12 

17.81 

4.04 

100 


Lioness. 


Percent 

3.74 
1.20 

1.64 

1.47 

1.30 

8.77 
4.08 


4.7a 
3.83 
7.22 

5.3a 
0.25 


12. 15 
0.86 
6.36 
8.23 


3.86 
1.49 


0.07 
19.06  \ 

438) 
100 


Tiger. 


Total  weigJits, 


Oz.  nv.    I    0«.  .IV . 
236-67  '    173  72 


Per  cent. 
4.53 

1.84 
2.06 

1. 35 
8.95 

4.73 


ISS 
6.92 

5. '9 
0.26 


9. 10 
0.87 

5.48 
11.79 


3.68 
1.68 


0.06 
21.56 


100 


Percent. 
4.04. 

i.3« 

iM 
1. 61 

1. 31 
8.84 

4. 10 


4-94 
3.80 
6.77 
5.a6 
0.25 


11.25 
0.84 
6.03 

10.29 


3-^4 
1.63 


0.08 
22.29 

100 


Oz.  nv. 
337*00 
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Mueeular  Type  of  Leiier  Felida—ShouJder  Joint. 


Scapular. 

t.  Trappi^iua  cUvipularia, 
1.  CleiiJuDiastoideiu.   ■ 

3.  Trapeiiu*  inferior, . 

4.  Trapeiiu  superior, 
J.  Ouio-AllflDlicns,      ■ 

6.  Sorrutua  magnus,    . 

7.  Rhomboidsus,    .     . 


.  Dcltoideiu.  • 
I.  Tares  major,  . 
,.  BupraBpinatiu, 
M  In&upin&tni, 
:.  Terea  minor,  . 


r.  Triwiw  longni,  . 
I.  Tricipiti  BcceMoriiL 
|.  SubiL'spuluil,    . 

\.  Lutiaumiu  doim, 


I  t.  BiceM  bui 


T3>SO    I    5843 


If  wc  Goniparc  the  muscles  of  the  shoulder  joint  in  groups, 
accoiding  to  their  general  action,  we  obtain  the  following 
results : — 
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Muscular  Type  of  Felidm — Shoulder  JinrU. 


Soapolar. 

Abduoton. 

Flezon.      Eztenaon. 

Addacton. 

lion  and  Tiger,  . 
LeopaTd,    .    • 

"93 
23.46 

2I.02 
22.08 

28.41 
29.97 

5. a? 
5.34 

"-37 

19.15 

1 

(ft.)  Muscular  Type  of  the  CanicUs. — The  muscular  type  of 
the  Canid^B  is  quite  distinct  from  that  of  the  Felidsd,  and  is  not 
80  constant  in  the  members  of  the  entire  family,  which  differ 
from  each  other  more  considerably  than  the  members  of  the 
Felidae  do. 

The  Canidse  differ  from  the  Felidae  in  the  hip  and  shoulder 
joints  in  the  following  particulars  :— 

First,  negatively  — 

The  Canidse  do  not  possess  the  following  muscles  : — 

1°.  Agitator  eaudce, 

2°.  Glutceus  quartuSj 

3°.   Pectoraiis  quartus — Shoulder. 

Secondly,  positively — 

The  Canidae  possess  always  a  double  Sartorius^  and 
occasionally  a  double  Tensor  vagitice  femaris. 


Hip. 


I  shall  take  the  Greyhound  as  the  type  of  the  family,  and 
give  the  percentages  of  this  animal  in  detail,  adding  a  summary 
of  the  percentages  of  groups  of  muscles  taken  from  other 
members  of  the  family. 

In  the  following  Table,  I  give  "  Master  MagrathV  muscles 
in  one  column,  and  place  beside  it  the  average  muscles  found 
from  other  Greyhounds : — 
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Muscular  Type  of  Greyhound^Hip  Joint. 


1 

Muade. 

"Master 
Magrath.*' 

Average 
Grey- 
hound. 

Abductort, 

1.  OlutiBiia  primoB,     .    . 

2.  Tensor  TagiBie  femoris, 
( GlutcBus  seounduB  la)^ 

^'  \  GlutiBUB  aecunduB  03}, 

4.  GlutsBUB  tertiuB,     .    . 

5.  Obturator  intemuB,     . 

Flexors, 

1.  Rectus  femorifl, .    .    .    . 

2.  Sartorius  (double),      .    . 

3.  PsoadiliaoQs,      .    .    . 

£xtenior$, 

1 .  Biceps  femoris,  .... 

2.  Bicipiti  accessorius,     . 

3    Semitendinosus,      .    .     , 

4.  Semimembranosus,     .    . 

5.  Gracilis, 

6.  Quadratus  femoris,     .    . 

Adductors. 

1.  Adductor  primus,   .     .    . 

2.  Adductor  seoundus  (a), 

3.  Adductor  secundus  (/J), 

4.  Adductor  quartus,  .    .     . 

5.  Adductor  quintus,  .    .    . 

6.  Obturator  eztemus,     .    . 

B 
1 

» 

1 
i 

• 
ft 
• 

1 

P«r- 

oentage. 

-a 

10.13 

0.91 
1.40 

4.69 
4.26 
5.18 

21.23 

o.|i 

5. 83 
6.91 

5.81 
0.68 

7.82 

>S.33 

0.85 
0.60 
1.25 

Per- 
oentage. 

1.90 
4.70 

9.07 

0.86 

1.53 

5.71 
5.42 
5." 

18.79 
0.30 
5  22 
7.86 

5.32 
0.52 

9.42 

15.50 
0.84 

0.75 
1. 17 

100 

100 

Oi.ar. 
Total  weights,    .    .        n-81 

OjtaT. 
40*4S 

•l 


It  will  be  seen  from  this  Table  that  **  Master  Magrath," 
although  a  slightly  built  dog,  possessed  an  amount  of  mus- 
cular force  greatly  in  excess  of  ordinary  Greyhounds ;  and  a 
similar  conclusion  follows  from  the  examination  of  the  muscles 
of  the  shoulder  joint.     From  an  examination  of  the  dog  during 
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life,  I  had  expressed  the  opinion  that  his  chief  muscular 
peculiarity  consisted  in  the  development  of  the  shoulder 
muscles — a  conclusion  which  was  fully  borne  out  by  the  past 
mortem  examination.  If  we  regard  *'  Master  Magrath"  as  the 
unit  of  comparison,  we  find  the  percentage  of  the  average 
Greyhound  to  be — 


In  Hip  Joint,  . 
In  Shoulder  Joint, 


78.04  per  cent. 


These  figures  show  the  muscular  superiority  of  **  Master 
Magrath,"  and  the  greater  development  of  the  muscles  of 
his  shoulder. 

In  the  following  Table,  I  have  collected  into  groups  the 
muscular  percentages  of  various  Canidae,  for  the  purpose  of 
comparison : — 

Muscular  Type  of  CanidcR — Hip  Joint. 


Animal. 


1.  **  Master  Magrath/* 

2.  Average  Greyhound, 

3.  Irish  Terrier,     . 

4.  Australian  Din^, 

5.  Pyrenean  Mastiflf, 

6.  European  Wolf, 

7.  Indian  Jackall,  . 

8.  Bengal  Fox, .     . 


Abductors. 

Flexors. 

Extensors. 

Adductor> 

Percentage. 

Percentage. 

Percentage. 

Percentage. 

19.45 

14- U 

40.57 

25.85 

18.06 

16.25 

38.01 

27.68 

21.94 

15.83 

36.41 

25.82 

19-37 

15.87 

42.39 

22.37 

IS-82 

15.51 

41.90 

26.77 

2«.4S 

17.31 

34.14 

27.10 

«7.43 

17.33 

39.36 

25.88 

17.73 

1 

15.60 

41.14 

25  53 

0«.  av, 
51.81 

40.43 
14.72 

24.63 
67    90 

26.57 
9.  12 
2.82 


'I'his  Table  shows  the  great  muscularity  of  the  Greyhounds, 
for  the  only  dog  that  excels  them  is  the  Mastiff,  which  is  a 
much  larger  and  heavier  animal.  It  may  be  worth  adding 
that  "Master  Magrath's"  running  weight  was  54  lbs. 
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The  muscular  type  of  the  shoulder  joint  in  the  Ganidas  is 
shown  in  the  following  Tables : — 


Muscular  Type  of  Greyhound — Shoulder  Joint 


MuBole. 


Scapular. 

1 .  Trapezius  clayicolaris, 

2.  CleidomastoideuB,   . 

3.  Trapezius  inferior, . 

4.  Trapezius  superior, 

5.  0mo-Atlanticu8»     . 

6.  Berratns  magnus,    . 

7.  Rhomboideufl,    .    . 

Abduetort, 

1.  Deltoideus,    .  .  . 

2.  Teres  major, .  .  . 

3.  Supraspinatus,  .  . 

4.  Infraspinatus,  .  . 

5.  Teres  minor, .  .  . 


Fiexort, 

I.  Triceps  longus,  .     . 
3.  Tricipiti  accessorius, 

3.  Subscapularis,    .     . 

4.  LatissimuB  dorsi, 

£xtenMor». 

1.  Biceps  humeri,  .    . 

2.  Bracniffius,    .    .    . 


Adductort. 

1.  Coracobrachialis, 

2.  Pectoralis  major. 


Total  weights, 


''Master 
Kagrath." 


Pbt- 

oentage. 

1.93 
1.65 

1.38) 
1. 17  S 
2.02 
9.28 
4.24 


4.22 
2.29 

7.35 

5.15 
0.22 


18.70 
0.38 
4.16 

11.40 


1.84 
1.-34 


O.  21 
21.07 

..    I 


100 


Os.  ay. 
63*45 


Areragc 
Grey- 
hound. 


Per- 
centage. 

1.48 
I  27 

2.40 
1.98 

It 


4.40 
2.46 

7.71 

5.51 
0.30 


22.67 

4.40 
9.29 


2.40 
1.40 


0.23 
18.86 


100 


Oi.  av. 
47-94 


In  the  following  Table,  I  have  placed  the  percentages  of 
groups  of  muscles,  of  various  Canidse,  arranged  in  the  same 
manner  as  in  the  corresponding  Table  for  the  Felidae: — 
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Mmcular  Type  of  Canidm — Shoulder  Joint, 


Animal. 

Scapular. 

Abductors. 

Flexors. 

Eztenaom 

Addneteia. 

TbCal 
flight 

I.  «  Master  Magrath," 
a.  Average  Greyhound, 

3.  Irish  Terrier,    .     . 

4.  Australian  Din^, . 

5.  Pyrenean  Mastiff . 

6.  European  Wolf,     . 

7.  Indian  Jaokall, .    . 

8.  Bengal  Fox,     .    . 

Percent. 
21.67 

20.37 
26.25 

24.41 
26.56 

25.11 

22.63 

27.30 

Percent. 
19  23 
20.38 
20.35 
19.81 
X8.91 

25.38 

24  13 
22.09 

Percent. 

35.55 
35.46 

30.51 
29.54 
32.49 
30  06 

Percent. 

3.>8 
3.  0 

3.  4 

3.55 
4.12 

4.  7 
4.32 
3.99 

Fttreent. 
21.28 
19.09 
4.31 

16.47 
19.90 
15.20 

'!"♦! 

16.56 

OB.«r. 

63.4s 

47.94 
21.18 

37.40 

m.oi 

3S.6S 

(c)  Muscular  Types  of  Man^  and  of  the  Quadrumane. — 
I  shall  now  proceed  to  the  comparison  of  the  muscular  ^pes 
of  Man  and  the  Quadrumans — a  subject  full  of  interest  to 
comparative  anatomists. 

The  comparison  includes  the  following  animals : — 

1.  Man  (mean  of  three  subjects). 

2.  Gorilla.* 

3.  Chimpanzee  (mean  of  two). 

4.  Macacus  Rhesus  (mean  of  two). 

5.  Macacus  cynomolgus. 

6.  Cynocephalus  Hamadryas  (Hepi,  or  Lion  Baboon). 

7.  Papio  Maimon  (Mandrill). 

8.  Ateles  ater  (mean  of  two).     (Spider  Monkey.) 

I  shall  commence  with  the  hip  joint : — 


♦  I  am  indebted  to  Mr.  T.  J.  Moore,  Director  of  the  Liverpool  Museum,  for 
the  opportunity  of  dissecting  a  young  female  Gorilla,  which  waa  brought  home 
in  spirits  by  Captain  J.  B.  Walker,  F.  R.  G.  S.,  from  Africa. 
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Muscular  Types  of  Man  and  the  Quadrumans — Hip  Joint, 


Mnsclft 

Man. 

Go- 
rilla. 

Ohim- 
pancee. 

dry  as. 

Cyno- 
molgua 

Man- 
dxiU. 

BhesuB. 

Ateles.! 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Per 

Ahdiictora, 

cent. 

cent. 

cent. 

oent. 

cent. 

oent. 

oent. 

cent. 

.  Gluteus  primus,  .     . 
.  Tensor  yaginsefemoris, 

18.28 
a.  33 

I3.»9\ 
2.10J 

11.67 

9-33 

5.38 

3.7a 

6.78 

4.96 

.  GluttBUfl  secundus  (a>, 
.  Glut8eu8  8eeundus(/3), 

10.89I 

'.43/ 
3  5» 

13.98 

14.58 

'3.03 

13.80 

'3.85 

11.60 

9.79 

.  Gluteus  tertius,    .     . 

'.75 

4. '7 

'.93 

'93 

2.06 

1.71 

0.89 

.  Gluteus  quartus,  .     . 

— 

— 

1.27 

.  Obturator  intemue,   . 

3.22 

1.92 

2.08 

a. '3 

1.79 

3  '4 

a- '5 

3  93 

Flexort, 

.  Rectus  femorls,     .    . 

4.94 

3.50 

3.75 

5.55 

5.79 

5. '5 

6.19 

6.49 

.  Sartorius,    .... 

4.«3 

a.  62 

2.50 

0.98 

».34 

'•37 

2.48 

3  93 

.  Iliacus, 

.  I^soas, 

4.a5\ 
4.89/ 

7.00 

11.67 

11.47 

10.49 

8.47 

8.99 

11. 18 

£xten8ort. 

,  Biceps  femoris,     .     . 

5.50 

7.86 

5.84 

17.21 

16.56 

'7.34 

'3.36 

8. '3 

Semitendinusus,    .     . 

3.60 

5.95 

4.58 

6.04 

4.97 

6.24 

5.40 

4.70 

.  Semimembranosus,    . 

4.27 

a.  45 

3-33 

3.62 

3.58 

4.45 

5-'3 

5.08 

.  Gracilis, 

2.27 

6.46 

5.83 

6.24 

5'6s 

5.3a 

7.24 

5-59 

.  Quadratus  femoris,    . 

1.04 

1.40 

'.a5 

1.48 

0.69 

'•37 

1.49 

2.29 

Adduetori, 

,  Adductor  primus,  .     .  i 

9  97 

^ 

■\ 

Adductor  sccundus  (a)  > 

16.58. 
2.39I 

19.18  1 

1 

23.00 

23.69 

Adductor  secundus  (/3) ' 

'4.33 

y 

»7.59 

a4.i4( 

> 

a6.55 

.  Adductor  tertius,  .     . 

2.91 

. 

; 

Adductor  quartus. 

3.82 

».45 

3.33. 

— 

0.45 

'.'5. 

,  Adductor  quintus,      . 

'35 

0.87 

0.83 

0.65 

0.96 

1.49 

0.71 

1.78 

.  Obturator  eztemus,  . 

1.30 

2. 10 

a. 50 

a. 75 

'.93 

a.58 

'93 

3-44 

100 

100 

100 

Os.  ay. 

100 

100 

100 

100 

Os.  ay. 

100 

Os.  nv. 

Oi.  ay. 

0%.  av. 

Os.  ay. 

Os.ay. 

Chi.  ay. 

Total  weights,    .    . 

03  17 

2-86 

2*40 

24-34 

7*2a     17-48  ;    1812 

1 

787 

The  peculiarities  of  the  Hip  joint  muscles  in  Man  are  the 
following : — 

i^  The  enormous  size  of  the  Glutams  primus,  and  its  com- 
plete separation  from  the  Tensor  vagince  femoris;  in  all  the 
Quadrumana,  these  two  muscles  form  a  continuous  thin  sheet. 

2d 
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2°.  The  complete  separation  of  the  Maeus  and  pBOOi 
magnus. 

3^.  The  separation  of  OIutcBm  Becutidus  (a)  and  (/3). 

4^.  The  absence  of  GluUetts  qvartus. 

5°.  The  perfect  differentiation  of  the  adductors. 

The  broad  differences  in  type  will  be  best  seen  from  the 
following  Table,  in  which  the  muscles  are  arranged  in  groups 
as  before: — 

Muscular    Types  of  Man   and  the    Quadrumam — Hip 

Joint 


Animal. 

Abductora. 

Flcxom 

Adductors. 

Total 

Per  i*eiiL. 

rerottuv. 

Percent. 

Percent, 

Ob.  ST. 

I.  Man,    .... 

39  67 

18.21 

16.68 

»5  44 

93.  n 

2.  Gorilla,      .     .     . 

33  04 

13.  12 

24.12 

29.7a 

3.S6 

3.  Chimpanzee,  .     . 

3»-5o 

17.92 

20.83 

28.75 

a. 40 

4«  Hamadrvos,  .    . 

5.  Crnomoigus, .     . 

6.  Mandrill,  .     .     . 

26.42 

18.00 

34.59 

20.99 

»4.34 

22.90 

18.62 

31.45 

27.03 

7.»5 

22.77 

14.99 

34.7* 

»7.5» 

17  4« 

7.  Rhesus,     .     .     . 

22.  24 

17.66 

32.62 

27.48 

18.  la 

8.  Ateles,  .... 

20.84 

21.60 

a5.79 

3i.77 

7.87 

1 

In  this  Table,  it  will  be  observed  that  the  flexors  and 
adductors  are  much  alike,  and  that  man's  superiority  consists 
in  the  increase  of  the  abductors  at  the  expense  of  the  ex- 
tensors. This  is  mainly  due  to  the  developement  of  the  Olu- 
tceus  pritnuSy  which  is  essential  to  man's  erect  posture ;  and 
to  the  diminution  of  the  biceps  fcmorisy  which  is  essentially  a 
brute  or  quadrupedal  muscle. 

Taking  together  the  Glutcpus  primus  and  tensor  vaginas 
femofis,  wc  obtain  the  following  instructive  comparison : — 
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Comparison  of  Man  and  Quadrumam — GluUeus  primus  and 

Tensor  vagincB  femoris. 


PoToentage 
of  Hip 
Joint     < 
MunclM. 

Belatiye 

SnooeMiTe 

Ppopor- 
ttoHs. 

DifEar- 

ttlOM. 

1.  Man,     .... 

ao.6i 

100 

_ 

2.  Gorilla,      .     . 

»J.39 

74  6 

a5.4 

3.  Cbinipanzee, 

1 1.67 

56  6 

43-4 

4.  Hamadryas,   . 

9  33 

45.3 

11.3 

S'  Rhesus,     . 

6.78 

33.0 

12.3 

6.  Cynomolgus, . 

5.38 

26.1 

6.9 

7.  Ateles, .     . 

4.96 

24    I 

2.0 

8.  Mandrill,  . 

3  7a 

18.  1 

6.0 

This  Table  shows  that  the  difference  between  Man  and  the 
Gorilla  is  greater  than  the  differences  between  the  Quadru- 
mans  compared  with  each  other. 

The  remarkable  differences  between  Man  and  the  Quad- 
rumans,  found  in  the  muscles  of  the  Hip  joint,  are  further 
illustrated  by  an  examination  of  the  muscles  of  the  foot. 
These  muscles  may  be  divided  into  three  distinct  groups, 


VIZ. : — 


1°.  Walking  muscles. 
2°.  Grasping  muscles. 
3^  Extending  muscles. 

So  far  as  the  presence  or  absence  of  individual  muscles  is 
concerned,  the  peculiarities  of  Man's  foot  consist  in — 

1°.  The  presence  oi  xhQ  peronceus  tertius. 

7?.  The  absence  of  peronceus  quintL 

3°.  The  absence  of  extensor  internodii  haUucis, 

The  following  Tables  enable  us  to  compare  the  relative 
developement  of  the  various  muscles,  or  groups  of  muscles : — 

2d2 
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Muscular  Types  of  Man  and  Quadrumans — Foot. 


Walking  MHiOes, 

1.  Gaftrocnemiufl,  .    .    •    • 

2.  BolsBus, 

3.  Plantaru, 

4.  TibialiB  posticus,    .    .    . 

Orasping  MumcUm, 

I.  Flexor  digitorum  longiis, 
a.  Flexor  luulucis  longus,    . 

3.  Flexor  digitonim  brevis, . 

4.  FL  dig.  long,  accessorius, 

Extending  MuaeUt, 

I.  Tibialis  andcus, .... 

a.  Extezisor  digitonim  longus, 

3.  Extensor  halluois  longus, 

4.  Extensor  secundus  intemodii 

hallucis,      .    .  . 

5.  Peronnus  longus,  . 

6.  PeroniBus  brevis,  . 

7.  Peronsdus  tertius,  • 

8.  Peronsus  quinti,  . 


Total  weight,    .    . 


ao  35 
31.80 

1.48 
8.60 


3.28 
4.82 
1.48) 
0.5W 


9.94 
3.60 

3.63 


5.53 

3.38 
2.60 


100 


Oz.  ay. 
31IO 


OoriUa. 


13.68 
14.62 

8.49 


6.60 

17.94 
4.14 


10.85 

5  '9 
2.83 


7.54 
8.02 


100 


0%.  ar. 
1H>6 


GUm- 


16.32 

16.32 

0.48 

9.18 


8.16 

'5.30 

0.58 


10.20 

6.12 

3.06 

a. 04 
8.16 

4.08 


109 


I    Ox.  ar. 
0*98 


22.52 

17.00     ' 

4.20     I 


5.«5 
10.  S8 


4.5* 


14.5' 
4.96 
1. 71 


6. 10 
4.19 

SmalL 


100 


Oz.  av. 
624 


Taking  the  sums  of  the  muscles  in  groups,  we  find — 


Muscular  Types  of  Man  and  Quadrumans — Foot, 


Walking. 

Grasping. 

Extending. 

Total 
weight. 

Per  ocnt. 

Percent. 

Pet  cent. 

Oa.av. 

I.  Man,     .... 

62-23 

909 

28.68 

31.10 

2.  Gorilla,      .     .     . 

36.79 

28.78 

34.43 

1.06 

3.  Chimpanzee, .     . 

42.30 

24.04 

33.66 

0.98 

4.  HamadrvAA,   .     . 
$.  Cvnomolgus, .     . 
6.  Mandrill, .     .     . 

47.92 

20.61 

3».47 

5.a4 

40.27 

a3.53 

36.20 

2.21 

40.59 

24.54 

34.87 

5.4a 

7.  Rhesus,     .     .     . 

44- 65 

»3  43 

31.92 

5.42 

8.  Ateles,  .     . 

54.96 

20.21 

24.83 

2.82 

1 
1 
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The  following  facts  are  evident  from  an  inspection  of  this 
Table : — 

I  °.  The  great  developement  of  the  walking  muscles  in  Man. 

2°.  The  great  deficiency  of  the  grasping  (or  hand-like) 
action  in  the  foot  of  Man. 

We  may  also  remark  that  in  both  these  respects  the  New 
World  Monkeys  come  nearer  to  Man  than  either  the  Gorilla 
or  Chimpanzee.* 

The  deficiency  of  grasping  action  in  the  foot  of  Man, 
stated  as  a  physical  constant  characteristic  of  him,  fully  jus- 
tifies the  title  of  Quadrumanous  applied  by  Cuvier  to  the 
Apes,  and  denied  by  him  to  Man. 

In  the  next  Table,  I  have  resolved  the  walking  muscles 
into  their  component  parts : — 

Walking  Muscles  of  Man  and  Quadrumans, 


Ga«tro- 

cneznido- 

Sol»U8. 


I.  Man,     .     .     .     . 

1 

2.  Gorilla,     .     .     . 

28.  30 

3.  Chimpnnzee, .     . 

3*64 

4.  Hamadryas,  .     , 

39-52 

5.  OynoinolguB, 

34.  «7 

6.  Mandrill,  .     .     . 

1     33.76 

7.  Rhesu!*      .     . 

.  .       36.7a 

8.  Ateles, .     .     . 

48.57 

Tibialis 
posticuii. 


8.60 

8.49 
9   iK 

4.2c 

2.71 

3.14 
3.«4 
6.39 


Plantaris. 


1.48 

0.48 
4.20 

?   39 
3.60 

4  79 


If  we  now  examine  the  muscles  of  the  Shoulder  joint  and 
Hand;  we  shall  find  the  same  profound  differences  between 
Man  and  the  Quadrumans  as  in  the  Hip  joint  and  Foot. 

In  the  Shoulder  muscles,  Man  is  characterised  by  the 
nresence  of — 

I  ®.  Levator  anguli  scapulce ; 

2®.  Distinct  PectoraUa  major  and  minor; 

*  Profe  '*soT  Huxley,  some  years  ago,  directed  my  attention  to  the  remarkable 
power  of  standing  and  walking  ereet,  possessed  by  the  Spider  Monkey ;  an  obier- 
yation  fiiUy  con£nned  on  mechanical  grounds  by  the  foregoing  Table. 
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and  by  the  absence  of— 

1°.  Occipital  slip  o{  Rhamboulew. 

2°.  Omo^Atlanticus, 

3°.  Trieipiti  accessorius, 

4^,  Pectoralis  quartus. 

The  following  Tables  show  the  relative  developement  of 
the  various  muscles  and  groups  of  muscles  : — 


Muscular  Types  of  Man  and  Quadrumans — Shoulder  Joint. 


ScapuUr  Mutelst. 

1.  Trapesiufl,     .... 

2.  CleidomAstoides,     .    . 

3.  ^oroboideuB,    .     .     . 

4.  Serratua  magnufl,    .    . 

5.  Levator  angoli  scapulie, 

6.  Omo-Atlanticus,     .    . 

7.  Subdavius,    .... 


Abduetorit. 

1.  Deltoideus,     .  . 

2.  Teres  major,  .  . 

3.  Supraspinatus,  . 

4.  Infraspinatus,  . 

5.  Teres  minor,  .  . 


Flexors. 


1.  Triceps  longus,  .     . 

2.  Tricipiti  accessorius, 

3.  Subscapularis,    .    . 

4.  Latissimus  dorsi,     . 

Bxiensort. 

1.  Biceps  humeri,  .     . 

2.  Bracnisus,     .     .     . 

Adductor  9. 

1.  Coracobraohialis,     . 

2.  Pectoralis  major, 

I  3.  Pectoralis  minor,     . 
!  4.  Pectoralis  quartus,  . 


Han. 

Gorilla. 

Chim- 
panxee. 

Peroent. 

percent. 

Fkroent. 

9*33 

8.73 

9.9S 

2.49 

0.60 

4  50 

3.07 

3.02 

3-75 

7.64 

II   30 

i3-7i 

1.96 

-- 

— 

— 

0.60 

0.99 

0.19 

o.'5 

0.24 

'5.3a 

4.28 

2.40 

4.56 

».54 


8  95 
5-04 

9-35 


4-34 
5  46 


14.02 
4.21 
I   96 

3.9« 
1.20 


4.5a 

6.92 
12.50 


7.68 
5»2 


1 .  46     I     1.20 

»o  45  l|     9-34 
I     a. 17)       t'Si 


Total  weight, 


8.98 

3.49 
2  49 

3.99 
1.00 


3-99 
0.74 

5-99 
12.  22 


5  99 

3  74 


drjaa. 


7.6S 

3.37 
3.29 
8.46 

1.70 
0.54 


7.45 

*-75 

4.54 
6.04 

0-77 


9.04 
1.63 

7  ^5 
10.15 


7.5a 
3.21 
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Taking  the  sums  of  the  muscles  in  groups,  1  find  the  iol- 
lowing  Table  : — 

3ffi8Cfflar  Typen  of  Man  and  Quadrnmana—  Shoulder  Joint. 


Soapu- 
lar. 

Abduo- 
tora. 

Flezon. 

Ezten- 
■ors. 

Adduo- 
ton. 

Total 
weight. 

Per 

Per 

Per 

Per 

Per 

Ox.aT. 

cent. 

cent. 

cent 

cent 

cent. 

!■  Msiif    . 

24.68 

28.10 

»3.34 

9.80 

14.08 

77.11 

2.  OoriJla,    .     . 

24.40 

15.30 

15.45 

12.80 

12.05 

3.3* 

3.  Chimpanzee, 

33. '7 

«9-95 

22.94 

9-73 

14.21 

4.01 

4.  Hamadrvas, . 

5.  Cvnomolgus, 

6.  Mandrill,.     . 

^5.04 

»«.55 

28.07 

10.73 

14.61 

25.80 

'9-95 

16.94 

3»-4» 

12.15 

"9-54 

7.3* 

18.96 

20.87 

30.60 

14.07 

15.50 

16.77 

7.  Rhesus,    .    . 

20. 86 

19.96 

3»-46 

11.42 

16.50 

J5.58 

8.  Atelea,     .     . 

18.94 

a«.93 

31.86 

14  86 

12.41 

7-34 

On  examining  these  Tables,  we  find  in  Man  and  the 
Gorilla  a  remarkable  developement  of  the  abductor  muscles^ 
due  mainly  to  the  great  size  of  the  Deltoid  musclci  which 
corresponds  to  the  OltUceua  maximua  in  the  hip.  This  is  evi- 
dent from  the  following  Table  : — 

Comparison  of  the  Deltoid  Muscle  in  Man   and  the 

Quadrumans, 


1 

Peroent- 
,   ago  of 
Shoulder 
MuaoltM 

B«latiye 
Proportion. 

Sucoee- 
siveDif- 
foreuoes. 

1   1.  Man,     .... 

»5  3» 

100  00 

j  2.  Grorilla,      .     .     . 

14.02 

9«.5» 

8.49 

3.  Ateles,.     .     .     . 

10.34 

67.49 

3'.5» 

4.  Chimpanzee, .     . 

9.00 

58.75 

8.74 

5.  Hamadrvaa,   .     . 

6.  Mandrill,  .     .     . 

7.45 

48  63 

10. 12 

7.15 

46.67 

1.96 

1  7.  Rhesus,     .    .     . 

6.42 

41. 9» 

4.76 

1  8.  Cynomolgufl, .     . 

5.61 

36.62 

5.19 

This  Table  shows  that  the  Gorilla  and  Spider  Monkey 
approach  nearer  to  Man,  with  regard  to  relative  size  of  the 
Deltoid  muscle,  than  the  other  Quadrumans  do. 

In  examining  the  hand  of  Man  and  the  Quadrumans,  the 
following  welltknown  differences  are  found : — 
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i^.  Man  posseses  a  distinct  ^/Z^or  polUds  longus,*  which 
does  not  occur  in  any  Quadniman. 

2°.  Man  possesses  two  distinct  extensors  of  the  phalanges  of 
the  thiunb ;  while  the  Quadrumans  possess  either  one  or  none. 

3^.  In  Man  the  Indicator  belongs  to  the  second  finger 
only  ;  while  in  the  Quadrumans  it  belongs  to  the  second  and 
third  fingers  jointly. 

4°.  In  Man  the  A  uricularia  belongs  to  the  fifth  finger  only ; 
the  Chimpanzee  and  Ateles  resemble  Man  in  this  respect ; 
and  in  the  other  Quadrumans,  the  Auricularis  belongs  to  the 
fourth  and  fifth  fingers  jointly. 

The  following  Tables  show  the  relative  developement  of 
the  various  muscles  and  groups  of  muscles  : — 

Muscular  Types  of  Man  and  Quadrumans — Hand, 


Walking  Muscles. 

1.  Flexor  carpi  radialis,  .     .    . 

2.  Flexor  carpi  ulnaris,   .    .    . 

3.  Palmaris  longus,     .... 

Orasping  Muscles. 

I.  Flexor  digitorum  Bublimis,  . 
1.  Flexor  digitorum  profundus, 
3.  Flexor  polliciB  longus,     .    . 

Extending  Muscles. 

1.  Extensor  carpi  radialis  (a),  . 

2.  Extensor  carpi  radialis  (/3),  . 

3.  Extensor  carpi  ulnaris,     .     . 

4.  Extensor  digitorum  longus,  . 

5.  Auricularis, 

6.  Extensor  assis  mctacarpi  pol-  \ 

licis, I 

7.  Extensor    primi     intemodii  \ 

pollicis, j 

8.  Extensor  secundi  intemodii  \ 

pollicis, ] 

9.  Indicator, 


Man. 


Percent. 

5  40 
8.06 

1.58 


17.71 
4.»4) 

9.65 
6.48 
5.65 
8.31 
1. 41 

4.24 

0.67 

2.41 
1.66 


Gorilla. 


Total  weight,    . 


100 

6«.  av.     1 
12-03 


Percent. 

7.17 
9-73 
0.75 


18.92 
33. »5 


2.56 

4.60 
8.71 
2.04 

4  60 


'•53 
1.02 

100 

Oz.  HX. 

0-98 


Chim- 
pansee. 


Feroent 

7.77 
6  89 

1.72 


«4-65 
34.49 

6.03 

5.17 

3  4S 

9  49 
1.72 

4  3' 


dryaa. 


Per  cent. 

8.24 
16.49 

3.59 


12.02 
28.13 


5.01 
6.08 

5  55 
6.81 

I  62 
4.48 


2  59         0.90 


i.7» 


1.08 


100 


Oz.  av. 
1*16 


100 

Ocar. 
5*58 


*  For  a  remarkable  exception  to  xhv^  rule,  ride  pp.  122-3. 
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Taking  the  sums  of  the  muscles  in  groups,  I  find  the  fol- 
lowing results : — 

Muscular  Types  of  Man  and  the  Quadrumans — Hand. 


Walking. 

Grasping. 

Extending. 

Total 
weight 

i:'eroent 

Percent. 

Peroent. 

Os.  ay. 

I.  Man,    .... 

16.04 

43  48 

40-48 

12.03 

2.  Oorilla,     .    .     . 

17.65 

5».«7 

30.  18 

^    0  98 

3.  Chimpanzee, .    . 

16.38 

49  «4 

34  48 

1. 16 

4.  Hamadrras,  .    . 

5.  CrnomolguB, .    . 

6.  Mandrill,  .     .    . 

28.32 

40.15 

31.53 

5.58 

!    15.54 

53.38 

31.08 

1.48 

i9.»5 

50.00 

30.85 

4.44 

7.  Rhesus,     .     .     . 

22.77 

46.68 

30  55 

3.47 

8.  Atelcs,.     .    .     . 

i    16.24 

1 

54.82 

28.94 

1.97 

From  this  Table  it  appears  that  the  chief  muscular  peculi- 
arity of  Man*8  hand'consists  in  the  great  developement  of  the 
extensor  muscles ;  and  on  analysing  these  muscles  it  will  be 
found  that  it  is  the  extensors  of  the  wrist  that  are  principally 
developed. 

Wrist  Extensors  of  Man  and  the  Quadrumans. 


1.  Man) 

2.  Gorilla,     . 

3.  Chimpanzee, 

4.  Hamadryas, 

5.  Cynomolgus, 

6.  Mandrill,  . 

7.  Rhesus,     . 

8.  Ateles, .     . 


Extensor 
carpi  ra- 
dialifi  (a). 


Extensor 
carpi  ra* 
dialis  (/9). 


Per  cent. 

9- 65 
2.56 

6.03 

5.01 

3.80 

6.  30 

4.61 

3.55 


Per  cent. 
6.48 

5.1a 

?.i7 
6.08 

6.33 
5.63 
7.49 
5.58 


Extensor 

1 

1 

carpi 

Total      1 

nlnaris. 

Per  cent. 

k'vz  cent. 

5  65 

21. 

78 

4.60 

12. 

28 

3.45 

«4 

65 

5.55 

16. 

64 

5.40 

'5 

53 

4  95 

16. 

88 

5.76 

17- 

86 

4.06 

13 

»9 

The  remarkable  developement  of  the  extensor  muscles  of 
the  wrist  in  Man  is  probably  connected  with  the  corre- 
sponding developement  of  the  Deltoid  muscle  in  the  shoulder, 
and  the  combination  of  both  is  essential  to  characteristic 
human  action — such,  for  example,  as  stone-throwing  and 
oratorical  gestures. 

It  is  interesting  to  observe  that  the  Gorilla  approaches 
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ASnUkL  mCBASKS^. 


Mmb  in  the  fhomldcr  Biiscles  More  Beftrij  ikam  die  CUaipm- 
zee  does,  wbile  he  deiiAtes  fanlier  from  the  hmmd  of  3laii 
than  doea  the  Chimpanzee. 

If  we  take  the  walking  mnadea  of  the  hand  and  fool  aa 
our  standard  oTcomparisoo,  and  inquire  the  proportioti  which 
the  grasping  muscles  bear  to  them,  we  shall  obtain  the  follow- 
ing instructiTe  Tables,  which  show,  in  a  remarkable  way,  the 
profound  difference  between  a  hand  and  a  foot,  eTea  in  Qoa- 
dnimanous  animals : — 


Ccmpariton  of  Walking  omA  Gmtpimg  Mugcfe$  m  dke  Foot  of 

Man  and  the  Quadmmans, 


Walknv  Ormfb^ 

1 

1,  Man,     .     .    .     . 

100      :       14.6 

2.  Gorilk,      .     . 

.    !     too    !    7S.a 

3.  Cfaimpflnzee, .     . 

.     ,     100    j    56.  S 

4.  Hamstiryas,  .    . 

.     !     too    j     43. 1 

V  Cyniimolgus, .     . 
6.  Mandrill,  .     .     . 

100         58.4 

100         60.5 

7.  Rhi*«u8,     .     .     . 

100         52.4 

K.  Atelea,  .     .     .     . 

too         36.8 

In  the  foot,  the  grasping  power  is  less  than  the  walking 
power. 

Comparison  of  Walking  and  Grasping  Muscles  in  the  Hand  of 

Man  and  the  Qitadrumans. 


WaUdng  •    Grasping 
MoBclea.      Muscles. 


I.  Mhh.      .      . 

1.  Gorilla, 

3.  Chimpnnzee, 

4.  Ilaniadrvas, 

5.  Cvnomolgus, 

6.  Mandrill,  . 

7.  Rhesus, 

8.  Atelcs,  .     . 


100 
100 

100 
100 

lOO 

100 
100 
100 


271.0 
295.6 
300.0 
141. 7 

H3.S 
261. 1 

205.0 

337-5 


In  tlie  Imnd,  the  grasping  power  is  greater  than  the  wjilk- 
ing  power. 
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These  Tables  show — 

1°.  The  deficiency  of  grasping  power  in  feet  as  compared 
with  hands. 

2°  The  enormous  developement  of  the  walking  power  in 
the  foot  of  Man. 

These  results  possess  considerable  interest  when  taken  in 
conjunction  with  the  results  previously  obtained  by  me,  in 
discussing  the  differences  in  the  flexor  tendons  of  the  hand 
and  foot.  It  may  be  worth  while  to  note,  in  connexion  with 
the  exceptional  position  of  the  Llama,  p.  134  (which  proves 
that  the  hand  of  this  animal  is  a  true  foot),  that  the  propor- 
tions of  the  walking  and  grasping  muscles  completely  confirms 
this  view. 


Walking         Ghnsping 
Power.  Power. 


Llama  (Hand), 


100 


903 


Taking,  as  before,  the  walking  muscles  of  the  hand  as  our 
standard  of  comparison,  we  find  the  following  proportions  for 
the  extensors  of  the  wrist : — 


Comparison  of  Walking  and  Extending  Musclen  in  the  Wrist  of 

Mn  and  the  Quadrnmann, 


1 

Walking 

Extensors 

Muscles. 

of  Wrist. 

I. 

Man,     .     ,     .     . 

100 

>35.7 

2. 

Gorilla,     . 

100 

171   0 

3- 

Chimpanzee, 

100 

89.5 

4. 

Hamadrvas, 
Cyn  mulgus, 

100 

5».8 

5- 

100 

100. 0 

6. 

Mandrill,  .     . 

100 

88.2 

7- 

Rhesus,     . 

100 

78.5 

8. 

Att'lcs,  .     . 

100 

81.2 

The  next  example  of  muscular  type  that  I  shall  give,  is 
the  remarkable  case  of  the  hind  limbs  of  the  Struthionidcu. 
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I  have  had  an  opportunity  of  examining  the  following  speci- 
mens of  this  interesting  group  of  Birds  :  — 

1°.  Three  Ostriches. 
2°.  Four  Emus. 
3°.  TwoRheas. 
4°.  One  Cassowary. 

In  the  Hip  joint  of  the  Struthionidse,  the  following  peculi- 
arities are  observable : — 

i°-  The  Agitator  Cauda  and  Tensor  femoris  vaginm  form  an 
outer  sheet  of  powerful  muscles,  which  overlies  the  glutaeal 
muscles. 

2^.  The  Olutcma  quartus  muscle  is  always  present. 

3^.  The  lUacus  muscle  is  also  present. 

4^.  The  Adductor  tertius  (hrevis)  is  invariably  absent. 

5^.  The  Rectus  fcnioris  is  present  in  the  Ostrich  and  Bhea, 
and  has  relation  in  these,  as  in  other  birds,  to  the  Soknu 
muscle,  and  to  the  perforate  flexors  of  the  most  important  toe. 
This  muscle  is  totally  wanting  in  the  Emu  and  Cassowary. 

6°.  The  Biceps  fenwris  acquires  an  extraordinary  develope- 
ment,  intimately  related  to  the  unusual  running  power  of  this 
remarkable  group  of  birds. 

The  following  Table  shows  the  muscular  type  of  the 
Ostrich : — 
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Muscular  Type  of  Ostrich — Hip  Joint. 


Abductart, 

f.  Agitator  caud»,      .    . 

a.  Tensor  yaginss  femoris 

3.  GlutffiOB  primus,     . 

4.  Glutaeus  secundus,  . 

5.  Glutffios  tcrtius, 

6.  Glutaeus  quartus,    . 

7.  Obturator  intemuB, 


Flexort, 

I.  Rectus  femoris, .... 

a.  Sartorius, 

3.  Iliacus, 

Bxten$ort. 

I.  Biceps  femoris,  .... 

a.  Semitendinosus,      .    .     . 

3.  Semitendinoso-accessorius, 

4.  Semimembranosus,      .    . 


Adduetort. 

I.  Adductor  primus,    . 
a.  Adductor  secundus, 

3.  Adductor  quartus,  . 

4.  Aflductor  quintus,  . 

5.  Obturator  extemus, 


Total  weight, 


ao.98 
7.1a 
0.51 
a.aS 


8.65 

a. 41 
a. 03 
1.40 


Male. 

Female. 

• 

Percent. 

Percent. 

a3.76 

15.64 
10.05 

X 

s 

6.70 

6.71 

0.51 

0.7a 

0.89 

I'l 

9.04 

8.56 

3.68 

3.84 

9-15 

8.63 

0.89 

0.98 

100 


Os-av. 
196-75 


ai.i8 

5.30 

0.45 
a.  68 


6.76 

3.84 
a.  14 

».37 


100 


Ox.  av. 
133-96 


Female. 


Percent 

la  17  I 
10.5a/ 

X 

6.77 
0.56 

0.98 

8.76 


3.0a 
8.86 
1. 13 


aa.71 
8.19 

».53 


8.68 

a.  43 
i.a9 

Q.88 


100 


Oz.  ar. 
284-61 


Percent. 
H.04 

X 

6.73 
0.60 

1. 01 
8-79 


3.5' 
8.88 

f.oo 


ai.6a 
6.87 
0.49 
a. 50 


8.03 

a  89 
1. 8a 
i.aa 


100 


In  the  next  Table,  I  show  the  corresponding  muscular 
type  of  the  Emu: — 
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Muscular  Type  of  Emu^H^  Joint 


Male. 

Male. 

Male. 

1 
1 

Toong 
Fteiale. 

Mean. 

Abductarg, 

For  cent. 

Pw  oont. 

Perent. 

Fvoent. 

FtroKit. 

t.  Agitator  caiid», .    .     .  ^ 
2.  Tensor  yaginsB  femoris, ) 

23.68 

as.  97 

a4.oa 

as.  75 

M.36 

3.  OlutsDus  primuB,     .     . 

1.99 

1.^5 

f.aS 

1.47 

«-5o 

4.  GlutauB  Becundua,  .    . 

10   15 

8.58 

9.85 

9.88 

5.  GlutsDUB  tertiua,      .    . 

0.40 

o.a9 

0.37 

13.3* 

0.34 

6.  GlutsDus  qoartuiy    .    . 

a.  19 

1.67 

1.85) 

«-95 

7.  Obturator  intemoa,     . 

5.a7 

4.85 

5-56 

5^*5 

5.»3 

Fiexori. 

I.  ReotuB  femoria,  .     .     . 

None. 

None. 

None. 

None. 

Nooe. 

a.  Sartorius,      .... 

ia.34 

13.00 

ia.8i 

9.96 

II. 91 

3.  IliacuB, 

X 

X 

M 

0.15 

0.15 

JBxtengari, 

I.  Biceps  femoris,  .    .    . 

18.71 

'7. '5 

17.90 

ao.51 

18.57 

a.  Semitendinosus,      .    . 

8.76 

9.97 

8.27 

4.47 

7.87 

3.  Semitendinoeo-accesso- ) 
rius, j 

1. 19 

1. 10 

1. 41 

0.81 

1.13 

4.  Semimembranosus,.    . 

1.99 

a.  49 

'.59 

a.07 

a. 03 

• 

Adducton, 

I.  Adductor  primus,    .     .{ 
a.  Adductor  seoundus,     . ) 

6.77 

7.1S 

7.28 

7. II 

7.08 

3.  Adductor  quartus,   .     . 

1.99 

a. 63 

3-77 

».37 

3.69 
1.68 

4.  Adductor  quintus,   .     . 

'•79 

'5* 

1.41 

2.01 

5.  Obturator  eztemus,     . 

a.78 

*.35 

».63 

6.75 

3.63 

100 

100 

100 

100 

100 

Oa.  av. 

Ot  av. 

0«.  av. 

Os.  av. 

Total  weight,     .     . 

50*25 

72-30 

95*82 

i 

33-34 

The  following  Table   shows   the   muscular  type   of  the 
Rhea : — 
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Muscular  Type  of  Rhea — Hip  Joint 


1 

Mule. 

Female. 

1 
Metui. 

AbduetoTi. 

1.  Ag:itator  caudae,      .    .     . 

2.  Tensor  femoris  vagina,    . 

3.  Glutffius  primus,     .    . 

4.  GlutsDus  secundus, .     . 

5.  GlutsBUB  tertius,     .     .     . 

6.  GlutsBus  quartus,    .     .     . 

7.  Obturator  intemus,     . 

Flesora, 
1.  Rectus  femoris. .     .    .    ^ 

\ 
1 

Per  cent. 

23.12 

0.89 
9.61 
0.96 
0.89 
8.65 

0.46 

10.76 

0.31 

'4.60 
8.34 
1.91 
2.73 

10.00 

3.84 
0.46 
1.96 

Percent. 

2554 

1.20 
9  02 

0-59 
0.90 

8.09 

0.47 

8.35 
0.23 

19.48 

11.00 

1.06 

2.07 

8  14 

2.26 
0.28 

1.32 

Per  cent. 

24.33 

1.04 

.    9- 32 

0.77 
0.89 

8.38 

0.46 

9- 56 
0.27 

17.04 
9.92 
1.49 
2.40 

9.07 

3.05 
0.37 

1.64 

2.  SartoriuB. 

1 

1.  Uiacus 

Bxtensort. 

1.  Biceps  femoris,  .... 

2.  SemitendinosuB,      .    . 

3.  Semitendinoeo-accessoriuf 

4.  SemimembranoauB, 

AdduetoTi. 

1.  Adductor  primus,   .     . 

2.  Adductor  secundus,    .     . 

3.  Adductor  quartus,  .     . 

4.  Adductor  quintus, .     .     . 

5.  Obturator  extemus,    . 

1         1 
1 

» 

> 

1 
I 

■I 

100 

100 

100 

Oa.  av. 
Total  weight,    .    .        26*02 

Ob.  ay. 
47*73 

The  muscular  types  of  the  Cassowary  and  of  the  other 
Struthionidae  are  given  in  the  following  Table  : — 
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Musciiiar  TypM  of  StruHiionidtB — H^  Joint. 


Abduetort. 

I.  Agitator  caudflB, 

a.  TenBor  vagiiuB  femoris, 

3.  GlutauB  primus,     . 

4.  GlutsDUB  secundua, . 

5.  GlutsDus  tertinfly 

6.  GlutauB  quartoB,    . 

7.  Obturator  intemos. 


FUxor». 

1.  RectuB  femoria, .... 

2.  Sartoriua, 

3.  lUacoa, 

Extenion. 

1.  Biceps  femoriB,  .... 

2.  Senutendinoaua,      .    .    . 

3.  Semitendinoao-acoeaaoriua, 

4.  Semimembranosua,     .     . 

Adductors. 

1.  Adductor  primus,   . 

2.  Adductor  secundus, 

3.  Adductor  quartus,  . 

4.  Adductor  quintus,  . 

5.  Obturator  extemus, 


Ostridi. 

Smo. 

Bhea. 

j^er  oent. 

Fw  oont. 

Por  cent. 

24.  P4 

24.36 

24.33 

X 

6.73 
p.6p 

I.  PI 

8.79 

1.50 
9.88 

0.34 
«.95 
5.^3 

1.P4 

9-3» 
0.77 

p.  89 

8.3I 

3.51 
8.88 

i.pp 

None. 

II.  91 

0.15 

p.  46 

9.56 
p.  27 

21.62 
6.87 

p.  49 
2.5P 

18.57 

7.87 

«.«3 

2.P3 

17.04 
9.92 

1.49 

a.4P 

8.P3 

7.08 

9.07 

2.89 
1.82 
1.22 

2.69 
1.68 
3.63 

3.05 
0.37 
1.64 

100 

100 

100 

Feroent. 

25.  p8 

«.49 
IP.9P 

0.3a 

a. 53 

5.44 


None. 

15.8a 

o.p8 


15.40 
7.70 

1.36 
p.  64 


4-77 

2.66 
p.  23 


100 


Total  weight, 


Oe.  av. 
63.e3 


If  we  combine  these  results  in  groups  as  before,  we  find 
the  following  results ; — 
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Muscular  Type  of  Struthionidce — Hip  Joint. 


Abductors. 

Flexors. 

Extensors. 

Adductors. 

1.  Ostrinh,    .     .    . 

2.  Emu,    .... 
3*  Rhea,  .... 
4.  Cassowaiy,    .    . 

Percent. 

41.17 
43.26 

44.73 
45.76 

Percent 

13.39 
12.06 

10.29 
«5.90 

Percent 
31.48 
29.60 
30  85 
25.10 

Percent. 
13.96 
T5.08 
14.13 

«3.»4 

If  we  compare  this  Table  with  the  preceding  Tables,  we 
shall  see  that  the  peculiarities  of  the  Struthionidss  consist  in 
the  development  of  the  abductor  muscles  (which  give  the 
power  of  standing  erect)  and  of  the  extensor  muscles  (which 
measure  the  power  of  running).  This  will  be  better  seen  by 
the  following  comparison  of  the  most  important  individual* 
muscles,  on  which  these  actions  mainly  depend : — 


Comparative  View  of  the  Standing  and  Running  Powers  of  the 

Struthionidce  and  otlier  Animals. 


Ostrich. 

Emu. 

Rhea. 

Casso- 
▼ary. 

Man. 

"  Mas- 
ter Ma- 

gratb." 

Standing. 

Per 
cent. 

Per 

cent. 

Per 
cent. 

Per 

cent. 

Per 
oent. 

Per 
cent 

/Agitator  cauds,     .     .  \ 

I .    Tensor  vagina)  femoris, . 

GlutsBus  primus,    .    .) 

24.04 

25.86 

»5.37 

26.57 

20.61 

7.01 

Bunnwff, 

- 

2.  Biceps  femoris,   .    .     . 

ai.62 

• 

18.57 

17.04 

15.40 

5.50 

11.23 

In  this  Table,  the  contrast  between  Man  and  the  Dog  is 
well  brought  out;  and  it  is  shown  that  the  Struthionidae 
excel  in  both  the  respective  peculiarities  of  Man  and  the  Dog; 
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The  last  example  that  I  shall  give  of  the  theorj  of  mus- 
cular types,  is  the  remarkable  case  of  the  wings  of  birds, 
which,  for  many  reasons,  is  to  be  considered  in  detaiL 

The  development  of  the  great  pectoral  in  birds  has,  of 
course,  been  noticed  by  every  anatomist ;  but  the  theory  of 
muscular  types  enables  us  to  present  it  to  the  eye  in  a  manner 
that  admits  of  immediate  comparison  with  the  corresponding 
muscle  in  other  animals  ;  and  to  demonstrate  the  impossibility 
of  flight,  in  other  animals  not  endowed  with  the  peculiar  mus- 
cular type  of  birds. 

The  birds  from  which  I  have  made  my  measurements  are 
the  following : — 

1.  Albatross   (two    examples,    measuring,    respectively, 
from  tip  to  tip  of  extended  wings,  ii  ft.  o  in.  and  9  ft.  3  in.). 

2.  Common  Swan. 

3.  Dorking  Cock. 

4.  Aylesbury  Duck  (two  examples). 

5.  Gannet. 

6.  Gurassow. 

7.  Jabiru  (two  examples). 

8.  Stork  (two  examples). 

9.  Common  Heron. 

10.  Squacco  Heron. 

11.  Flamingo. 

12.  White-Headed  Eagle  (two  examples). 

13.  Grebe. 

14.  African  Parrot, 
ij.  Peregrine  Falcon. 

16.  White  Crane. 

17.  New  Zealand  Weka  Rail  (two  examples). 
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Muscular  Type  of  Birds'  Wings. 


\ 

I. 

AlbatroM 

(mean  of 

two). 

II. 

Oommon 
Swan. 

III. 

Doridng 
Cock. 

IV. 

▲ylesbnrj 
Duck 

(mean  of 
two). 

V. 

Oaanet 

VL 

OorasBow. 

Scapular, 

I.  Trapezius,     .    . 
a.  Rhomboideas,    . 
3.  Serratus  magniu, 

Abductort. 

1.  Dcltoideus,    .    . 
a.  Pectoralifl  avium, 

3.  Teres  major,  .     . 

4.  Spinatus,  .    .    . 

FUxort, 

I.  Triceps  longus,  . 
a.  Subscapulans,    . 
3.  Latissimus  dorsi, 

Exienwrt, 

I.  Biceps  humeri,  . 
a.  Bradiieeus      .    . 

Adductort, 

1.  Coraco-brachialis, 

2.  I'cctoralis  major, 

3.  Pectoralis  minor. 

Per  cent 

3.64 
I.oa 

3.04 

5.07 

5." 
1.43 
a. 03 

4.14 
4.00 
a.  76 

1.84 
0.80 

0.69 
62.67 

1.76 

Percent 

1.45 
0.36 

0.83 

6.52 
6.84 
0.83 
4.86 

5.02 

'.55 
1.9a 

3.57 
'.24 

0.46 
62.90 

'.65 

Percent 

a.ao) 

'.59  J 
0.61 

2.73 
19.94 

0.53 
5. '5 

2.43 
2.27 

0.68 

2.35 
0.76 

0.76 

35.42 
2.58 

Percent. 
a.a8 
'39 

3.75 
II. a8 

0.49 
4.73 

4.48 

2.37 
0.98 

2.61 
0.90 

0.90 

61.06 

1.88 

Percent. 

2.05  \ 
I.IO  j 

2.36 

3.94 
4.88 

1.73 
2.52 

4.89 

3.30 
3.46 

0.63 
0.63 

0  95 
64.4a 

3. '4 

Percent 

1.84 
0.74 

• 

4.67 

'5.23 

0.49 

5.90 

33' 

1.84 

'35 

3  94 
0.  a4 

2.83 

55.04 

2.58 

100 

100 

100 

• 

100 

100 

100 

0«.  av. 
Total  weight,     .      14*22 

Os.  ar. 
19*32 

Os.ar. 
13-19 

Os.av. 
6*13 

Os.av. 
6-35 

Os.av. 
4*07 

2L2 


420 


ANIMAL  MECHANICS. 


Muscular  Type  of  Birds'  Wings  {cofitinued) . 


TU. 

Jabira 

(mean  of 

two). 

vni. 

Storic 

(mean  of 

two). 

IX. 

Conunon 
Ueron. 

X. 

Sonacco 

XI. 

XZI. 

White- 
headed 
Ea^ 
(mean  of 
two). 

Scapular, 

1.  Trapezius,     .     . 

2.  Rhomboideus,    . 

3.  Serratus  magnus, 

Percent. 

1.16 

0.82 
1. 14 

Percent. 

1.3a 
0.62 

0.59 

Percent. 

1.64 
0.97 
2.70 

Percent 

1.68 
1. 01 
1. 17 

Percent. 

0.81 
0.81 
0.81 

Percent. 

1.45 
0.85 

1.54 

Abductors. 

1.  Deltoideus,    .    . 

2.  Pectoralis  avium, 

3.  Teres  major,  .    . 

4.  Spinatus,  .    .    .  | 

5.81 
8.93 

0.75 
3.70 

4.58 

8.13 
0.68 

4.20 

3.38 

7.45 
0.29 

3.28 

3.02 
7.89 
0.33 
3.02 

7-50 

8.4a 
0.61 

4.05 

8.45 
6.09 

1. 19 
4-75 

^exort. 

1.  Tnceps  longus,  . 

2.  Subscapularis,    . 

3.  Latissimus  dorsi, 

5.61 
1.72 

1.17 

4.56 
3.12 

0.93 

3.^7 
2.12 

0.97 

a.51 
1.68 

0.50 

5.58 

1.83 
1.12 

4.83 
0.96 

£xteH9<frt, 

1.  Biceps  humeri,  • 

2.  BracDiflDus,     .     . 

2.66 
0.43 

».3« 

0.79 

2.99 
0.39 

2.02 
0.50 

2.84 
0.71 

4.55 
0.85 

Adductort, 

1.  Coraco-brachialis, 

2.  Pectoralis  major, 

3.  Pectoralis  minor. 

2.20 

62.06 

1.84 

».39 
65.18 

1.50 

1. 16 

67.54 

«.45 

0.50 

7>.83 
«.34 

«.3» 
62.47 

1. 12 

1. 31 
59.82 

'.57 

100 

100 

100 

100 

100 

100 

Total  weight,    . 

0«.  av. 
21*46 

Ob.  ay. 
12*89 

0«.  av. 
5-18 

Oa.  ay. 
2-98 

Os.aT. 
4-93 

Ob.  av. 
8*89 

k 


The  first  fact  that  strikes  us,  on  examining  the  foregoing 
Tables,  is  the  extraordinary  development  of  the  great  pectoral 
muscle,  which  in  many  cases  absorbs  two-thirds  of  the  entire 
muscular  force  of  the  shoulder  joint.  This  muscle  is  the 
great  depressor  of  the  wing,  and  I  have  already  shown  what 
extraordinary  care  is  bestowed  upon  the  placing  of  the  socket 
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of  the  joint  in  such  a  position  as  to  give  the  muscle  the  maxi- 
mum amount  of  advantage  in  performing  its  work.  The  mus- 
cles that  lift  the  wing  are  the  Delioi  i  and  Pectoralis  avium 
which  latter  corresponds  with  the  Subclaviua  in  Mammals. 

Combining  together  the  Depressor  and  Levator  muscles 
I  have  found  the  following  interesting  results  : — 


Depressor  and  Levator  Muscles  in  the  Wings  of  Birds. 


1.  Albatross,     .     . 

2.  Svran, .     .     .     . 

3.  Dorking  Fowl,  . 

4.  Aylesbury  Duitk, 

5.  Gannet,   .     .     . 

6.  Curassow,    .     . 

7.  Jabiru,     .     .     . 

8.  Stork,      .    .     . 

9.  Common  Heron, 

10.  Souacco  Heron, 

11.  Flamingo,     . 

12.  White-headed  Eagle, 

13.  Grebe,      .     . 

14.  African  Parrot, 

15.  Falcon,    .     . 

16.  White  Crane, 

17.  Weka  Rail,  . 


DKPRKSSOaS. 

Feet,  major 

and 
Pect  minor. 


64-43 

6455 
58.00 

63.84 

67.56 
57.62 

63.90 
66.68 
68.99 
74.  «7 
6359 
61.39 

75^* 
69.14 

59.  >7 

54.90 
38.28 


LKVATOaS. 

Deltoid 

and 

Feet  avium. 


10. 18 

'3- 36 

22.67 

'5.03 
8.82 

19.90 
«4.74 

«I2.8l 

10.83 
10.91 

15.9* 

U-54 
II   26 

15  96 
17.  22 

20.95 

20.00 


Ratio. 


15.80  percent. 
20.70 

39.09 
^3  54 
13.06 

34.54 

*3.07 
19  21 

'5.70 
14.71 

a5.o4 
23.68 

14.84 

23.08 

29.05 

38.16 


»» 
»• 

»y 

If 

ti 
n 

»> 

»» 

!♦ 

♦  > 

»» 

ft 
» 


The  birds  in  which  the  great  pectoral  becomes  least  are 
the  Dorking  Fowl  and  Curassow,  which  are  notoriously  heavy 
Eiers,  and  the  Weka  Rail,  which  uses  its  wings  principally  in 
propelling  itself  through  the  long  grass.  The  birds  of 
greatest  soaring  power  are  those  in  which  the  levator  muscles 
bear  the  least  proportion  to  the  depressor  muscles^  viz.,  the 
Gannet,  Grebe,  Heron,  and  Albatross. 

If  we  arrange  the  muscles  into  groups,  as  before,  we  find 
the  following  Table : — 
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Muacular  l)ff>e  of  Wing$  ofBirda. 


Eiteo-    Jkddx 


I.  Albotrofls,  .  .  ■  ■ 
I.  Common  Swan,.  ■  ■ 
3.  Dorking  Cock,  .  .  . 
4-  Ajleaburj  Dnok,  .     ■ 

5.  Oannet, 

Oh  Curanow,     .      .     .     , 

8.  Slork,"    .    '.     .     .    . 

9.  Comman  Heron,    •    . 

10.  Squacco  Eeroa,    .     . 

11.  Flamrago 

11.  WhiM-beaded  Eagle, 

1 4.  African  Parrot, .  .  . 
tj.  Falcon 

16.  Whila  Crano,    .     .     , 

17.  Wets  Eail,  .    .     .    , 


4- 40 
3-67 


If  we  compare  the  adductor  muscles  of  any  of  the  birds 
(ranging  from  40  to  76  percent.)  with  the  adductor  muscles  of 
the  Felidffi,  Canidte,  Man,  and  the  Quadrumans,  alreadj  given, 
we  shall  see  at  a  glance  how  peculiar  is  the  tj'pe  of  the  mus- 
cular arrangements  of  the  wing  of  the  Bird,  and  how  hopeless 
it  would  be  to  expect  that  any  of  the  other  types  could  attempt 
to  fly,  even  if  aided  by  mechanical  contrivances  to  increase 
the  surface  exposed  to  the  air.  And  yet  the  muscular  type 
of  the  wing  of  the  Bird,  difl^ering  profoundly  as  it  does  from 
the  corresponding  type  of  the  fore-limbs  of  the  other  animals, 
is  composed  of  groups  of  muscles  bearing  the  same  names, 
and  fulfilling  similar  functions. 

The  skilful  artizan  can  produce  from  the  same  number  of 
wheels  and  pinions  either  a  clock  or  a  roasting  jack,  fulfilling 
the  very  different  functions  of  marking  time,  and  of  roasting 
meat.  An  ignorant  but  intelligent  savage,  who  was  shown 
the  interior  of  these  machines,- would  come  to  the  conclusion 
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that  they  were  very  like  each  other — simply  because  he  would 
consider  only  their  superficial  resemblances,  and  would  be 
unable  to  appreciate  the  purposes  which  the  machines  were 
respectively  intended  to  fulfil.  In  like  manner,  anatomists, 
firom  observation  of  apparent  resemblances  in  the  structure  of 
organs,  such  as  the  brain  (of  the  specific  action  of  whose  parts 
little  or  nothing  is  known),  have  sometimes,  rashly,  inferred  a 
greater  degree  of  affinity  between  various  animals  than  there 
is  any  logical  ground  for  admitting.  If  we  confine  our  atten- 
tion to  the  arrangement  of  muscles  and  bones,  the  objects  and 
uses  of  which  are  perfectly  known  and  understood,  we  may 
readily  perceive  that,  under  a  superficial  appearance  of  simi- 
larity of  parts,  there  really  exists  a  profound  difference  of 
function  and  intention  as  to  the  purposes  to  which  these 
organs  are  devoted.  In  the  present  state  of  anatomical 
science,  it  seems  safer  to  collect  facts  and  physical  constants, 
characteristic  of  each  group  of  organs  in  various  animals,  than 
to  indulge  in  premature  speculations  as  to  possible  modes  of 
production  of  such  organs.  In  the  language  of  the  schoolmen, 
the  Final  Cause  of  the  wing  of  a  bird  is  to  fly  in  air,  and  the 
Final  Cause  of  the  fore-limb  of  an  Otter  or  Seal  is  to  swim  in 
water ;  and  we  can  show  that  the  intention  of  the  organ  is,  in 
each  case,  perfectly  fulfilled ;  but  it  appears  unscientific  to 
speculate  as  to  the  possible  derivation  of  one  of  these  struc- 
tures from  the  other,  by  means  of  an  hypothetical  common 
ancestor. 

I  shall  now  give  the  muscular  type  of  the  wings  of  two 
large  Bats,  Pteropus  edulis  and  Epomopharus  Wliitii^  for  the 
purpose  of  comparing  it  with  the  type  of  the  wings  of 
birds : — 
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Afyjscular  Tppe  of  Wing8  of  Bats. 


f. 

2. 

3- 

4- 
5- 


i 


I. 

2. 

3- 
I. 

2. 


I. 

2. 

3- 


Ddtoidetit 
'aJS  CU^icuUr, 

Ifi.)  AGTomial, .  . 

r.)  Scapular,   .  . 
Hto-pollicalu, . 

SobdaTias,    .    .  . 

Teret  major, .    .  . 

Samaspmataa,   .  . 

Innaspinatus,    .  . 

Teres  minor, .     .  . 


SempmUr. 

Trapexina, 
Rhomboideiu, 
Serratoa  magnna,    .     . 
Lerator  an^oli  leapnly, 
Omo-Atbnticaa,     .     . 


Flexor*, 

Triceps  longoa,  . 
Subs^pulans,  . 
Latiisimiu  dorsi, 

SgUfuors. 
Biceps  humeri,  . 


JSiceps  L 
BracnisD 


us,    .    .    . 

Adductorn. 

Coraco-brachialis,  . 
Pectoral U  major,  . 
Pectoralis  quartug, . 


Total  weight. 


2-99 
4.58 

2.00 

2.39 

I   00 

I.80 
i.6o 
i.6o 

0.20 


4.20 
6.18 
2.60 


II. 18 
0.60 


1. 00 

36.  12 

1.20 


2.14 
3.57 
2.14 

1.43 
1.44 

1.43 
2.14 


4.30 


8.57 
0.71 

2.86 

35.o« 
2.85 


100 


Oz.  av. 
2*61 


This  Table  suggests  many  interesting  reflections,  arising 
from  the  great  number  of  muscles  employed,  as  compared 
with  those  of  birds ;  but  we  must  pass  on  to  other  subjects, 
noting  merely  the  bird-like  power  of  the  adductor  muscles. 

In  Swimming  Animals  we  find,  as  might  be  expected,  a 
typo  of  muscular  structure  of  the  fore-limb,  which  in  many 
respects  approaches  to  that  of  the  Flying  Animals ;  for  the 
act  of  swimming  resembles  that  of  flying  in  water  instead  of 
air.  I  have  selected  the  following  animals  to  illustrate  the 
swimming  type  of  the  fore  limb  : — 
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1.  The  Green  Turtle. 

2.  The  Hawk's  Bill  Turtle. 

3.  The  Logger  Head  Turtle. 

4.  The  Alligator  (6 J  feet  in  length), 

5.  The  Otter. 

6.  The  Seal. 


Muscular  Type  of  Swimming  Animals. 


Scapular, 

I.  Trapezius, .    .    . 
a.  RhomboideuB, 

3.  ScrratuB  magnuB, 

4.  Omo-Atlanticii8, . 

5.  Clcidomasto^deus, 

6.  Levator  anguli  scapultr, 

Abductors, 

1.  Deltoideus,      .     . 

2.  Pectoralis  avium, 

3.  Tores  major,   .    . 

4.  Siipraspinatus, 

5.  Infraspinatus, 

6.  Teres  minor,  .    . 

Flexors. 

I.  Triceps  long^s,  .  . 
a.  Subscapularis,  .  . 
3^  Latissimus  dorsi, .  . 
4.  Tricipiti  accessorius, 

JExtentars. 
I,  Biceps  humeri,    .     . 
a.  BrachisBUs, .... 


} 


Additctora. 

1.  Coraco-humeralis, 

2.  Coraco-capsularis, 

3.  PectoraUs  major — 
(a.)  •     .     . 


Pec 


) 


4.  rectoralis  minor, 

5.  Pectoralis  quartus, 


Total  weight,     . 


Green 
Turtle. 


Per  cent 

I.  12 
2.28 


Hawk*  8- 

bill 
Turtle. 


5-7' 
4.62 

2.88 


0. 

a7 

10 
6. 

39 
26 

4 

26 

i. 

4« 

16. 

00 

0. 

33 

26. 

M 

2. 

22 

12, 

5> 

100 

Or.  nv. 
106-13 


Per  cent 

1.62 
4.86 


Ij   3.09       7  3 


Logger- 

Hoad 

Turtle. 


Percent 

0.57 

7.44 
0.77 


5.81 

5.57 

3-04 

5.86 

7.67 

0-5* 

7  39 

4.55 

0.26 
1.72 

5.«7 

0.30 
14  29 

5-47 

10.03 
3-34 

7.07 
2.07 

8.79 
0.38 

8.33\ 
0-50J 

27  22 

3  07 
ii.73 

18.13J 

a. 70 

13.76) 

^^^" 

100 

100 

Ox.  BT. 

24*69 

Ob.  av. 
162  66 

Alliga- 
tor. 


Percent 

1.60 
2.18 
20.  12 


{ 


7.92 

4.37 
0.87 

1.36 


8. II 
4.08 
4.61 


a.»3 

2.48 


2.77 


Zli^ 


100 


Otter. 


Percent 

14.88 

3-77 
11.98 

»-3i 
1.67 

1.72 


3.50 

1.35 

4.35 
1.80 

Trace. 


{ 


i>s.  ay. 
20-69 


7.80 

5.3« 
3.68 

1. 91 

i.64 
I   30 


20.64 
»o  39 


100 


18-84 


Seal. 


Ptroent 

6.61 

5.>9 
f  1.80 

2.67 
7.  30 


3^8 

1.29 

4- 87 

1.23 
0.08 


4.42 

^54' 
a.  19 

1.64 


o  95 
0.73 


25.60 
4.74 

100 


0«.  nv.  I 
24-72  i 
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The  relations  among  the  types  of  these  animals  may  be 
seen  from  the  following  Table«  in  which  the  muscles  are 
arranged  in  groups,  as  before :-» 

Muscular  Types  of  Flying  and  Swimming  Animals, 


Scapular. 

Abductor. 

Flexor. 

Extensor. 

Addofllor. 

1.  Pteropua  edulis, .    . 
a.  EpomophoruB  Wiiitii, 

3.  Green  Turtle,     .     . 

4.  HawkVBiU  Turtle, 

5.  Logger- Head  Turtle, 

6.  Alligator,  .... 

7.  Otter, 

8.  Seal, 

Percent. 
18.76 

22.  14 
3.40 
6.48 
8.78 

23.90 

36.33 
33.57 

Percent 
18.16 
14  29 
16.30 
21.81 
18.60 

'4.5a 
11.00 

10.75 

Per  cent. 
12.98 

'3.57 
16.92 

7.15 
20.06 

16.80 

18.70 

a3.66 

Per  cent 
11.78 
9.28 

5.67 

»3.37 

9- '4 

47" 
2.94 

1.68 

Percent 

38.3* 
40.7a 

57.7* 
51.19 

43.4a 
40.07 
31.03 

30.34 

The  muscular  tjrpes  of  these  various  anin^als  are,  of 
course,  very  diverse ;  but  they  all  agree  in  the  development 
of  the  adductor  muscles  used  in  flying  or  swimming  ;  and 
no  other  animals,  except  birds,  present  an  approach  to  this 
type. 

I  shall  conclude  this  section  on  muscular  types  by  a  few 
observations  on  the  "undeveloped"  fore-limbs  of  the  Stru- 
thionidas,  as  I  believe  that  a  profound  study  of  the  muscular 
types  of  these  limbs  leads  us  up  to  the  conclusion,  that  they 
could  never  have  been  intended  for  wings  at  all,  but  are  pre- 
pared for  uses  quite  distinct  from  flying. 

As  the  question  is  one  of  some  theoretical  interest,  I  shall 
use  all  the  materials  at  my  disposal,  and  allow  my  readers  to 
draw  their  own  conclusions  from  a  consideration  of  all  the 
facts  I  am  able  to  lay  before  them. 

As  it  is  a  well  known,  although  unexplained  fact,  that  the 
Ostrich  and  Rhea  form  a  natural  group  on  the  one  hand,  con- 
trasted with  the  Emu  and  Cassowary  on  the  other,*  I  shall 
discuss  the  muscular  types  of  their  wings  separately. 

•  Among  muscular  peculiarities  not  noticed  by  previous  anatomists,  I  mav 
mention  that  in  the  Ostrich  and  Rhea,  the  Obturator  internum  muscle  is  single. 
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Muscular  Type  of  Wings  of  Ostrich  and  Rhea, 


Ostrich, 

No.  1 
(female). 

Ostrich, 

No.  2 
(female). 

Rhea, 
No.  1 
(male). 

Rhea, 

No.  2 

(female). 

Rhea, 
No.  S 
(male). 

Scapular, 

Per  cent. 

Percent. 

Per  cent. 

Percent. 

Percent. 

1.  Trapezius,   .... 

2.  Rhomboideiis,  .     .    . 

3.  SerratuB  magnus,  .     . 

4. '4 
2  06 

1.16 

3" 
0  54 
3.93 

350 
0.87 
2.62 

1.^5 
2.13 

a.71 

'93 
>  97 

Ahductora, 

1.  DeltoideuB,  .... 

2.  PectoraliA  ayium,  .     . 

3.  Teres  major,     .    .    . 

4.  Splnatus,     .... 

33.10 
3-53 

13.58 
3.28 

2S.21 

3.a7 
16.77 

4.47 

15.7a 
16.16 

8.73 

3.49 

15.^4 

17.77 

4.98 

7. II 

16  91 

i5-»3 
8.38 

9.94 

Flexwt. 

I.  Triceps  longus,      .    . 
a.  Subscapularis,  .     .    . 
3.  Latissimus  dorsi,  .     . 

2.97 

'^.37 
5.«5 

4.47 
10.78 

4.03 

7.4a 
9.61 

6.55 

4.50 
10.90 

5.69 

^.33 
3.09 

3.74 

Exten9or$. 

I.  Biceps  humeri,      .     . 
3.  BraciiisBus 

3  93 
1. 31 

4.58) 
'.5a/ 

6.55 

6.88 
1.18 

7.35 
I.  29 

Adductors. 

1.  Coraoo-brachialis,  . 

2.  Pectoralis  major,  .     . 

3.  Pectoralis  minor,   .     . 

1. 41 
11.46  1 

0.55/ 

1.09 
13.07 

6.99 
"•79v 

331 
13.50 

9-93 
10  ao 

100 

100 

100 

100 

100 

Total  weight,     .    . 

Oz.  av. 
19-82 

Ob.  av. 
9-28 

Os.  ay. 
2-29 

Oz.  av. 
4*22 

Os.  av. 
3*88 

It  will  be  seen  from  this  Table  that  the  Ostrich  and  Rhea 
belong  to  distinct  types,  well  marked,  but  agreeing  with  each 

as  in  other  birds,  and  possesses  a  single  tendon  only ;  whereas  in  the  Emu  and 
Cassowary  the  Obturator  intemus  is  double,  viz. : — 

(a.)  with  puboUchial  origin,  and  inserted  an  inch  higher  up  than  (j3) 

on  the  femur,  so  that  the  tendons  cross  each  other. 
(j3.)  with  Uioischial  origin. 

These  muscles  are  quite  distinct  in  their  actions,  and  must  have  some  unknown 
relations  to  peculiarities  in  the  gait  and  habit  of  the  Emu  and  Cassowary,  which 
do  not  occur  in  the  Ostrich  and  Rhea.  This  muscular  peculiarity  alone  place 
the  Emu  and  Cassowary  far  remote  from  all  other  birds. 
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Other  in  a  manner  that  shows  a  wide  variation  from  the  type 
of  ordinary  wings.  This  will  appear  better  by  arranging  the 
muscles,  as  before,  into  groups. 


Musailar  Type  of  Wings  of  Ostrich  and  Rhea. 


Scapular. 

Abductor. 

Ilezor. 

Bztensor.    Adductor. 

Ostrich,  No.  I, .     .     . 
Ostrich,  No.  a, .     .     . 
Rhea,  No.  i,     .     .    . 
Rhea,  No.  a,     .    .    . 
Rhea,  No.  3,     .    .    • 

Percent. 
7.36 

6.99 

8.53 
7.61 

Percent. 

53-49 
52.72 
44.10 

45-50 
50.46 

For  cent. 
20.49 
19.28 

23.58 
21.09 

13.16 

X^BTOGllt. 
6.10 

6.55 
8.06 

8.64 

Percent. 

1342 
14.16 
18.78 
16.82 
20.13 

On  comparing  this  Table  with  that  already  given  for  com- 
mon birds,  we  find  the  columns  of  abductor  and  adductor 
muscles  precisely  reversed :  so  that  it  may  be  asserted  that 
the  wings  of  the  Ostrich  and  Rhea  are  constructed  on  a  type 
the  very  opposite  of  that  of  the  wings  of  common  birds.  The 
wings  recorded  in  the  preceding  Table  are  utterly  incapable 
of  being  used  in  flight,  and  it  is  extremely  difficult  to  under- 
stand how  they  could  possibly  represent  common  wings  altered 
from  want  of  use,  and  so  undeveloped  • 

This  argument  becomes  stronger  from  an  examination  of 
the  wings  of  the  Emu  and  Cassowary,  which  are  formed  on  a 
type  quite  different  from  that  of  the  Ostrich  and  Rhea,  and 
equally  irreconcileablc  with  the  type  of  ordinary  wings.  This 
is  shown  in  the  following  Table  : — 
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Muscular  Type  of  Wings  of  Emu  and  Cassowary. 


Emu, 
No.  1 
(male). 

Emu, 
No.  2 
(male). 

Caaso- 

wary, 

(male). 

Scapular. 

1.  Trapezius, 

2.  Rhomboideus, 

3.  Serratub  magnus,    .... 

Abductor  8. 

1.  Dcltoideus, 

a.  Poctoralis  ayium,    .... 

3.  Teres  major, 

4.  Spinatus, 

Flexori. 

f .  Triceps  bngus, 

2.  Subscaptilans, 

3.  Latissimus  dorsi,    .... 

ExtemoTi. 

f.  Biceps,        \ 

2.  Brachia)ti8,         

1 

Adducton. 

1.  Coraco-brachialis,  .... 

2.  Pectoralis  major,  ) 

3.  Pectoralis  minor,  ]      •    •     • 

Percent. 

27.56 
12.24 

14.28 

S.ro 

9.19 
6.12 

1.02 

5.10 
1.02 

7.15 
1.02 

5.10 
5.10 

Percent. 

26.41 
10.38 

8.49 

7.55 

3.77 
6.61 

0.94 

7.55 
0.94 

7.55 

3.77 

8.02 
8.02 

Percent 

25-74 
9.90 

14.85 

7.92 

H.85 
2.97 

2.97 
10.89 

1. 00 

1.98 
6.93 

■ 

100 

100 

100 

Os.  av. 
Total  weight,     .     .         0.98 

Oc.  av. 
106 

Oz.  nv. 
101 

On  arranging  the  muscles  in  groups,  as  before,  we  find  the 
following  Table : — 


Muscular  Type  of  Wings  of  Emu  and  Cassoicary^ 


Scapular. 

Abductor. 

Flexor. 

Extensor. 

Adductor. 

£mUf  No.  f ,    .     .     . 
Ema,  Na  a,    .    .    . 
Cassowary,      .    .    . 

Per  cent. 
54.08 
45.28 
50.49 

Percent 

18.87 
25.74 

Percent. 

13  27 
16.04 

13.86 

Percent. 
1.02 

3  77 
1. 00 

Percent. 

10.20 

16.04 

8,91 

1 
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The  agreement  in  muscular  type  here  shown  between  the 
Emu  and  Cassowary  is  very  interesting,  and  corroborates  the 
evidence  as  to  their  simiUrity  drawn  from  other  sources  ;  but 
the  muscular  type  here  given  is  totally  different  from  that  of 
the  Ostrich  and  Khea,  and  equally  irreconcileable  with  that  of 
ordinary  birds. 

From  the  foregoing  facts,  I  think  we  are  entitled  to  con- 
clude that  the  fore  limbs  of  the  Struthionidse  were  never 
intended  to  be  used  as  wings,  and  that  they  are  constructed 
for  some  other  purposes,  which  differ  essentially  in  the  two 
groups,  into  which  these  remarkable  birds  may  be  divided* 

1 2.  Prlaoiple  of  laasi  JLottcm  an^Ued  io  tlie  AmMgemmtt  of 
tho  mnsonlAr  Fibres  of  tho  Boari. — At  page  137  and  following 
pages,  I  have  shown  the  amount  of  work  done  by  the  heart ; 
and  I  propose  here  to  inquire  how  that  work  is  done,  and  to 
show  that  it  is  done  in  conformity  with  the  principle  of 
"  least  action." 

The  heart  is  composed  of  innumerable  muscular  fibres 
arranged  in  what  Borelli  calls  a  ghmifile  manner,  similar  to  a 
ball  of  twine.  More  correctly,  we  might  compare  the  heart 
to  two  balls  of  twine,  each  having  a  cavity  in  its  centre,  and 
both  surrounded  by  a  third  ball  of  twine  enveloping  the  whole 
structure. 

The  muscular  fibres  of  the  heart  are,  however,  not 
continuous,  as  this  illustration  supposes,  but  are  indepen- 
dent of  each  other,  the  appearance  of  the  whole  being 
glomifile. 

The  law  of  muscular  contraction  which  has  to  be  fulfilled 
is  the  following  :  if  /  denote  the  length  of  a  single  fibre  before 
contraction,  and  V  its  length  after  contraction,  whenever  the 
muscular  fibre  is  perfectly  free,  it  is  found  that  V  bears  a  con- 
stant ratio  to  /;  or 

I' ^  nh  (109) 
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If,  from  any  cause,  the  fibre  be  prevented  from  contract- 
ing to  its  full  extent  represented  by  (109),  there  is  a  loss  of 
work  which  might  otherwise  be  done,  and  the  principle  of 
least  action  is  riolated.  We  may,  therefore,  state  the  prin- 
ciple of  **  least  action,"  as  applied  to  the  heart,  in  the  follow- 
ing manner : — 

The  arrangement  of  the  fibres  of  the  heart  must  be  such  as  to 
allow  each  fibre  to  contract  to  the  fullest  extent  required  by  the 
law  of  muscular  contraction. 

Before  proceeding  to  prove  that  the  actual  arrangement 
of  the  fibres  of  the  heart  is  such  as  will  satisfy  the  foregoing 
Law,  it  will  be  worth  while  to  show  by  an  illustration  how 
easy  it  would  be  to  devise  a  heart  that  would  not  satisfy  the 
Law,  and  would,  therefore,  be  an  imperfect  contrivance. 

The  special  work  done  by  the  heart  is  to  contract  itself 
upon  an  internal  cavity  containing  fluid  at  a  given  pressure, 
and  so  to  expel  that  fluid  from  the  cavity.  Let  us  imagine 
that  it  is  proposed  to  do  this  work  by  a  number  of  concentric 
spheres  of  muscular  fibres  placed  over  each  other,  the  fibres 
of  each  sphere  being  quite  independent  of  those  of  the  other 
spheres.  Let  F  denote  the  volume  of  the  ventricles  of  the 
heart  distended  with  blood  at  the  commencement  of  the 
systole,  which  volume  is  reduced  to  zero  at  the  close  of  the 
contraction ;  let  r  denote  the  radius  of  any  sphere  of  muscular 
fibres  at  the  commencement,  and  r*  the  radius  of  the  same 
sphere  at  the  end  of  the  systole.  It  is  obvious  that  r,  r'  are 
proportional  to  /,  f,  the  lengths  of  the  fibres  of  the  sphere  in 
quesdon  before  and  after  the  systole.  Now,  as  V  denotes 
the  difference  in  volume  of  the  sphere  before  and  after  its 
contraction,  we  have 

3 
r'  «  nr. 
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From  these  equations,  it  is  easy  to  see,  after  a  few  reduc- 
tionSy  that 


"-:/ 


I  +.^.  (no) 

4Tr» 


This  equation  establishes  a  relation  between  n  and  r  ;  that 
is,  between  the  coefficient  of  muscular  contraction  and  the 
radius  of  the  muscular  sphere,  and  shows  that  if  n  be  taken 
for  the  fullest  amount  of  contraction  possible  to  the  fibre,  the 
value  of  r  becomes  fixed,  and  there  is  only  one  sphere  of 
muscular  fibres  that  does  the  whole  of  the  work  possible 
for  it. 

Solving  equation  (no)  for  r,  we  find 


'i 


4ir  (I  -n») 


(III) 


As  an  example  of  the  foregoing  we  may  take  the  human 
heart,  in  which  the  united  volumes  of  the  two  ventricles  is 
lo  cubic  inches;  and  assuming  that  each  fibre  contracts 
through  one-ninth  of  its  length,  we  have 

r=io, 

8 
n    =  -. 

9 
Introducing  these  values  into  (i  1 1),  we  find 

r  =  2002  in. 

Hence,  in  the  case  supposed,  the  muscular  sphere  whose 
radius  is  2  inches,  does  its  full  work;  the  spheres  of  greater 
radius  do  less  than  their  full  work,  and  the  spheres  of  lesser 
radius  are  called  upon  to  do  more  than  their  full  work.  In 
fact,  in  order  to  make  a  heart  of  the  structure  supposed  a 
perfect  mechanism,  it  would  be  necessary  to  have  a  diflFerent 
law  of  muscular  contraction  for  each   sphere  of  fibres ;  the 


ANIMAL  MECHANICS.  433 

amount  of  contraction  n  proper  to  each  sphere  being  deter- 
mined as  a  function  of  r  by  means  of  equation  (no). 

We  are  familiar,  in  the  construction  of  large  guns,  with 
an  instance  that  may  be  regarded  as  the  converse  of  the  sup- 
posed case  of  the  heart  just  given.  A  large  piece  of  ordnance 
cannot  be  made  strong  enough  to  resist  the  explosive  force 
of  a  heavy  charge  of  powder,  merely  by  increasing  the  thick- 
ness of  the  gun ;  for  according  to  principles  similar  to  those 
employed  above  (using  square  roots  instead  of  cube  roots),  it 
can  be  shown  that  the  inner  rings  of  the  gun  are  called  upon 
to  do  more  than  their  share  of  the  work  of  resistance,  while 
the  outer  rings  are  called  upon  to  do  less  than  their  share. 
Hence  it  follows  that  the  inside  portion  of  a  very  large  gun 
might  be  torn  up  by  the  force  of  the  explosion  before  the 
outside  portion  had  suffered  any  strain  at  all.  In  order  to 
prevent  this,  and  to  compel  every  portion  of  the  gun  to 
take  its  proper  share  of  the  work  of  resistance,  large  guns 
have  been  made  in  separate  rings,  the  outermost  rings  being 
shrunk  on  while  red  hot,  so  that  when  cold  the  inner  rings 
are  in  a  state  of  compression,  and  the  outer  rings  are  in  a 
state  of  tension.  When  the  explosion  now  takes  place,  the 
work  done  by  the  outer  rings  is  represented  by  the  compres- 
sion of  the  inner  rings,  and  these  latter  take  no  share  in  the 
work  of  resistance  until  the  force  of  the  explosion  has 
destroyed  their  state  of  compression  caused  by  the  resistance 
of  the  outer  rings;  and  by  this  ingenious  contrivance,  an 
attempt  is  made  to  compel  every  particle  of  metal  of  which 
the  gim  is  composed  to  bear  its  own  individual  fair  share  of 
the  work  to  be  done. 

The  celebrated  Armstrong  600  pounder  gun  was  formed 
in  this  manner  of  eight  distinct  rings,  and  when  the  charges 
of  powder  were  gradually  increased  until  the  gun  was  burst, 
it  was  found  that  the  ist,  6th,  and  8th  rings  were  burst,  the 
remaining  five  being  apparently  uninjured.     If  the  principle 

2f 
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aimed  abtbiMlB  aonstruction  of  the  gan  could  hare  been 
completely  fiilfilled  in  practice,  all  the  eight  rings  would  have 
been  ruptured  aimnltaneously  when  the  bunting  charge  of 
the  gun  was  reached. 

Having  shown  by  the  preceding  ex&mple  the  conditions 
iCqaired  by  the  printnple  off  Least  AcUon  "  when  applied  to 
the  heart,  I  shall  now  describe  the  actual  arrangement  of  the 
6brea  of  the  heart,  and  demonstrate  that  the  law  of  least 
action  is  completely  fulfilled  by  them.  The  heart  has  been 
oompared  by  Borelli  and  Winalow  to  two  muscles  enclosed 
in  a  third,  and  the  fibres  composing  these  three  muscles  may 
be  clauiited  as fodlows !: —    :■-■.. 

1°.  Ciimfnon  fibres  pasmng  round  both  ventrioles. 

2°.  Proper  fibres  passing  round  the  left  ventricle. 

3°.  Proper  fibres  passing  round  the  right  ventricle. 

1  shall  commence  by  describing  the  course  ofthe  common 
fibres.     The   muscular  fibres  of  the  aiuicLes  and  ventricles. 


inn   quite  disliiipt    systems,  both   take  origin   from   the 
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common  tendinous  zone  which  surrounds  all  the  orifices  of 
the  heart,  with  the  exception  of  that  of  the  pulmonary 
artery.     This  tendinous  zone  is  shown  in  Fig.  loo* 

In  this  figure  (AA)  is  the  great  central  fibro-cartilage, 
situated  upon  the  septum  with  which  it  is  incorporated,  be- 
tween the  mitral  and  tricuspid  orifices,  and  behind  the  right 
posterior  sinus  of  the  aorta. 

The  left  fibro-cartilage  (B)  which  is  much  smaller  than 
the  central  fibro-cartilage,  is  seated  to  the  left  of  the  mitral 
orifice,  and  behind  the  left  posterior  sinus,  with  which  it  is 
closely  attached. 

At  {CC)  is  shown  the  strong  fibrous  loop  situated  in  front 
and  to  the  left  of  the  root  of  the  aorta,  stretching  from  the 
left  to  the  central  fibro-cartilage,  with  both  of  which  it  is  in- 
timately incorporated. 

At  D  is  shown  the  tendinous  ring  of  the  mitral  orifice, 
stretching  from  the  left  to  the  central  fibro-cartilage. 

The  tendinous  ring  of  the  tricuspid  orifice  is  shown  at  ^, 
attached  at  both  its  extremities  to  the  central  fibro-cartilage. 

Lastly,  at  ^is  shown  the  insular  fibrous  ring  that  surrounds 
the  orifice  of  the  pulmonary  artery ;  and  is  but  slightly  con- 
nected with  the  central  mass  of  fibro-cartilaginous  structure. 

All  the  muscular  fibres  of  the  ventricles  take  origin  from 
the  tendinous  zone,  and  having  wound  round  the  heart  in  the 
manner  presently  to  be  described,  either  return  directly  to 
the  tendinous  zone,  or  indirectly  through  the  intervention  of 
the  columfUB  camecB  and  papillary  muscles. 

The  common  fibres  of  the  heart  arise  from  the  outer  side 
of  the  tendinous  ring,  and  from  the  outer  surface  of  the 
heart,  as  shown  in  Fig.  ioi,t  which  represents  the  posterior 
and  anterior  aspects  of  the  dissected  heart.     Tlie   general 

*  Copied  by  pernuBsion  from  Dr.  Sibson^s  Medical  Anatomy. 

t  This  figure  is  taken,  by  permission,  from  Dr.  Sibson's  Medical  Anatomy. 

2r2 
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appearance  of  the  bundles  of  common  fibres  is  well  compared 
by  Dr.  Sibson  to 
the  overlapping 
capea  of  a  coach- 
man's great  co)it 
when  tnieted.  Aa 
each  layer  proceeds 
from  right  to  leli, 
it  iwidts  upon  Itieir 
and  at  length  dips 
anderneath  the 
layers  to  which  it 
was  BuperGcial  at 
the  beginoing  of 
its  conrse. 

'ITie  following 
observations  and 
meaaurements  were 
made  on  the  hcai  t 
of  the  ox,  severut 
preparations 
which  were  placeii 
at  my  disposal  by 
Dr.  Sibson,  and  Se- 
vern 1  others  made 
by  myself  were  ex- 
amined while  fresh 
afVer  long  continued 
boiling.  On  tracing 
the  course  of  the 
superficial  common 
fibres,  it  is  found  that 
they  describe  a  complete  circumference  in  a  spiral  line  previous 
to  entering  deeper  into  the  h<.'art  in  the  neighbourhood  of  the 
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vorteXf  from  which  point  they  return  almost  in  a  straight  line 
towards  the  tendinous  zone  from  which  they  originally 
started,  but  on  the  return  path  they  now  form  the  innermost 
wall  of  the  ventricle  ;  so  that  these  fibres  during  their  spiral 
course  are  the  outermost,  and  during  their  direct  course  are 
the  innermost  fibres  of  the  heart. 

The  fibres  which  lie  inside  the  superficial  fibres,  after  de- 
scribing a  complete  spiral,  plunge  into  the  interior  of  the 
heart  before  reaching  the  vortex,  and  return  back  towards  the 
tendinous  zone  almost  in  a  straight  line,  lying  outside  the 
first  group  of  fibres  which  line  the  cavity  of  the  ventricle. 
There  is  thus  a  sort  of  bag-shaped  cavity  formed  round  each 
ventricle,  between  the  outside  of  the  heart  and  the  walls  of 
the  ventricle. 

These  bag-shaped  cavities  are  now  to  bo  supposed  occu- 
pied by  the  proper  fibres  of  each  ventricle.  I  was  able  to 
trace  the  complete  course  of  the  proper  fibres  of  the  left  ven- 
tricle, filling  up  the  space  between  the  spiral  and  direct  por- 
tions of  the  common  fibres,  and  I  found  that  the  proper  fibres 
wind  in  a  spiral  line  round  the  ventricle,  and  return  back 
towards  the  tendinous  zone,  after  describing  a  circumference 
and  one-6fth. 

Thus,  it  will  be  seen  that  the  common  and  proper  fibres 
are  similarly  arranged,  and  may  be  divided  each  into  two 
portions ;  the  first  portion  spiral  and  outery  and  the  second  or 
return  portion  direct  and  inner.  The  common  fibres,  how- 
ever, return  to  the  same  azimuth  on  the  circumference  of  the 
tendinous  ring,  from  which  they  started,  after  having  described 
a  complete  circumference  in  their  course ;  while  ihe  proper 
fibres  return  to  an  azimuth  on  the  tendinous  ring  72^  in  ad- 
vance of  the  azimuth  from  which  they  started,  after  having 
described  a  complete  circumference  and  one-fifth  in  their 
course. 

It  is  easy  to  see  that  as  the  common  fibres  describe  a 
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complete  circumference,  the  transverse  components  of  the 
fbrce  of  contraction  will  equilibrate  each  other,  and  thus  no 
motion  of  rotation  is  given  to  the  heart  by  these  fibres ;  on 
the  other  hand,  the  transverse  components  of  the  force  of 
contraction  of  the  proper  fibres  are  unsjmmetrical,  and  they 
will  give  a  resultant  twisting  motion  to  the  cavity  of  the  ven- 
tricle, the  efiect  of  which  will  be,  to  wring  out  completely 
every  drop  of  blood  from  the  ventricle  at  the  close  of  the 
systole. 

Having  ascertained  the  arrangement  of  the  several  va- 
rieties of  fibres,  I  dissected  them  out  carefully,  and  measured 
their  lengths.  On  doing  so,  it  became  apparent  that  the 
common  fibres  were  equal  to  each  other  in  length,  within  the 
errors  of  observation ;  and  also  that  the  proper  fibres  were 
equal  to  each  other  in  length,  this  length  being  distinct  from 
the  length  of  the  common  fibres.  This  result  is  caused  by 
the  peculiar  shape  of  the  heart,*  which  compels  the  fibres 
that  enter  the  interior  above  the  vortex  to  describe  their 
spiral  circumference  on  a  more  equatorial  region  of  the  heart 
than  the  apex ;  so  that  although  the  return  path  of  these  fibres 
is  shorter  than  that  of  the  superficial  fibres  that  enter  the  vor- 
tex, their  total  lengths  remain  the  same. 

From  the  preceding  statement,  it  appears  that  each  fibre  is 
independent  of  the  others,  and  is  at  full  liberty  to  contract  to 
the  utmost  extent  required  by  the  law  of  muscular  contraction, 
and  thus  the  law  of  least  action  is  fulfilled  by  the  common 
fibres  and  proper  fibres  respectively,  each  fibre  belonging  to 
either  group  having  the  same  length.  But,  in  order  that  the 
two  groups  of  fibres,  working  simultaneously,  may  produce 
the  maximum  of  work  required  by  the  law  of  least  action,  it 
is  necessary  that  a  certain  relation  should  exist  between  the 

•  Or,  to  speak  more  correctly,  the  shape  of  the  heart  is  the  necessary  con- 
sequence of  the  law  of  least  action,  which  requires  the  fibres  of  the  same  group 
to  have  the  same  length. 
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respective  lengths  of  the  two  groups  of  fibres.  This  relation 
may  be  investigated  as  follows : — 

Let  L  denote  the  length  of  the  common  fibres  passing 
round  both  ventricles,  and  let  the  volumes  of  the  letl  and 
right  ventricle  be  denoted  by  X  and  p. 

Let  /  denote  the  length  of  the  proper  fibres  that  pass  round 
the  left  ventricle  only. 

Let  the  fibres  L  and  /,  become  TJ  and  if  when  contracted  ; 
then  it  is  plain  that  we  have 

If  n  denote  the  coefficient  of  muscular  contraction,  and  i 
it  be  supposed  to  be  the  same  for  both  groups  of  fibres,  then 
equation  (112)  becomes 

/^(i-n»)"     X     ' 
or 

As  the  left-hand  side  of  this  equation  depends  on  measure- 
ments of  the  len);ths  of  the  two  systems  of  fibres,  while  the 
right-hand  side  depends  on  measurements  of  the  volumes  of 
the  two  ventricles,  it  is  plain  that  it  affords  us  a  test,  within 
limits  of  errors  of  observation,  of  whether  ^e  principle  of 
least  action  applies  in  all  its  force  to  the  theory  of  the  action 
of  the  heart. 

As  the  lengths  of  the  fibres  and  sizes  of  the  hearts 
examined  differed  considerably,  1  selected  a  large  and  small 
heart  for  measurement,  with  the  following  results : — 


No.  I. 

No.  2. 

Length  of  common  fibres, 

13. 25  in. 

.     8.5  in: 

Length  of  proper  fibres,  .     . 

.     10.75,,' 

•     6..5  „ 
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Hence  we  find 


Mean,     .     2.0B6 


Brown,  from  observations  made  on  the  heart  of  the  Ox, 
states  that  the  right  ventricle  exceeds  the  left  in  the  propor- 
tion of  I  lo  to  100,  which  would  make 

A  4-  p 

The  following  observations  have  been  made  by  anatomists 
on  the  relative  volumes  of  the  two  ventricles  in  the  human 
heart : — 

Human  Heart  — ^. 

1.  Lower, 2.00 

2.  Sabatier, 2.00 

3.  Andral, 200 

4.  Gordon, 2.25 

5.  Cruveilhier,  ....  2.00  (less  than.) 

6.  Portal, 2.40 

7.  Sibson, 200 

8.  Quain, 2.00  (greater  than.) 

9.  Lieberkuhn,  ....  2.50 

Mean,     .     .     .     a.U8 


There  are  good  physiological  grounds  for  believing  that, 
during  life  and  action,  the  volumes  of  the  two  cavities  are 
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equal  in  a  healthy  heart ;  and  that  the  slight  preponderance 
in  favour  of  the  right  ventricle  found  by  anatomists  depends 
on  the  lesser  thickness  of  its  walls,  which  causes  it  to  distend 
more  than  the  left  ventricle,  under  the  hydrostatical  pressure 
to  which  it  is  subjected  by  the  anatomical  observer.  If  this 
be  so,  then  the  principle  of  least  action  applied  to  the  heart 
leads  to  the  remarkable  prediction,  that  the  lengths  of  the 
common  fibres  ought  to  bear  to  the  lengths  of  the  proper 
fibres  the  ratio  of  the  cube  root  of  2  to  unity. 


^y-a. 


("4) 


Assuming  this  Law  to  be  correct,  we  can  calculate  from 
the  observed  lengths  of  the  common  fibres,  measured  in  our 
two  hearts,  what  the  length  of  the  proper  fibres  ought  to  be, 
and  so  compare  our  observations  with  theory.  I  find  the 
following  results : — 


Comparison  of  Observed  and  Calculated  lengths  of  Muscular 

Fibres  in  the  Heart  of  the  Ox. 


Fibre. 

Proper 

Fibre 

(olMOived). 

Propor 

Fibre 

(oalenlated). 

Differenoe. 

No.  I, 
No.  2, 

13.2510. 
8.50,, 

10.75111. 
6.  50  m 

10.52  m. 

+  0. 23  in. 
-  0. 24  „ 

These  difierences  are  less  than  a  quarter  of  an  inch,  and 
will  be  readily  admitted  by  practical  anatomists  to  be  well 
inside  the  unavoidable  errors  of  observation. 

If  there  be  any  Naturalist  who  thinks  it  possible  that  a 
mechanism  such  as  I  have  here  described  could  grow  up  of 
itself,  from  chance  combinations   of  fibres  developed  in  a 
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long  lapse  of  time,  mnd  irithoni  the  aid  of  a  CoDtriTing  Mind, 
I  would  ask  him  to  ttady  the  remarkaUe  worda  of  Cicero :~ 
**  Nihil  est  eoim,  quod  ratione  et  nnmeio  moveri  poanti 
sine  consilio ;  in  quo  nihil  est  temeiariuoi,  nihil  Tarinm,  nihil 
foitaitum.** 

>3- 
I  flhaJl  conclude  my  observations  on  Animal  Mechanics  by 

laying  down  in  this  section  a  few  General  Laws,  and  showing 
the  inferences  that  may  be  deduced  from  them.  In  drawing 
these  inferences,  I  have  the  advantage  of  being  able  to  make 
use  of  the  experiments  of  Mr.  W.  Stanley  Jevoos,*  of  Man- 
chester, and  of  Mr.  Frank  E.  Nipher,t  of  Iowa  University, 
U.  S.  A.,  in  addition  to  my  own  experiments  and  observa- 
tions ;  and  I  believe  it  will  be  admitted,  from  the  results  of 
the  investigations  I  have  been  able  to  make,  that  a  great 
future  in  the  way  of  useful  practical  appGeations  lies  open  to 
the  Science  of  Animal  Mechanics. 

1  have  been  led  to  the  establishment  of  the  three  following 
Laws,  the  proofs  of  which  I  shall  -give  in  detail : — 

Law  I. — In  comparing  together  different  mwicles^  the  work 
done  in  contracting  is  proportional  to  the  weight  of  eaA:h. 

Law  II. — In  comparing  the  same  muscle  {or  group  of 
mwtcles)  mth  itself j  when  contracting  under  different  eitemal 
conditions^  the  work  done  is  always  constant  in  a  single  con- 
traction. 

Law  III. —  When  the  same  muscle  (or  group  of  muscles)  is 
ke])t  in  constant  action  until  fatigue  sett  in^  the  total  work  done^ 
multiplied  by  the  rate  of  work,  is  constant, 

I  shall  now  take  these  Laws  in  order,  and  show  the  evi- 
dence on  which  each  is  based. 

•  Suture^  30th  Jiino,  1S70,  page  15X. 

f  School  Laboratory y  September  and  December,  1S71,  Iowa  City,  page  108. 
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Law  I.  Work  proportional  to  weight.— The  germ  of  this 
Law  is  to  be  found  in  BorelIi*s  great  book,  Vol.  I., 
Props,  cxxi.,  cxxii.,  cxxiii.  (pp.  209-2 1 1 ). 

I  here  give  the  statements  of  Borelli's  Propositions. 

Proposition  cxxi. 

8i  duo  musculi  ejusdem  animalis  fuerint  oeque  crassly  scilicet 
compositi  ex  pari  multitudine  fibrarum^  sed  earum  longihtdines 
ifUBquaiee  fuerint;  suapendent  qvidem  cequalia  pondera  ;  at  po- 
tentuB  moiivcBf  et  altitudines  suspensionum  eande^n  propdrtianem 
hahebuniy  quam  hngitvdines  musculorum^ 

Proposition  cxxii. 

8i  verOf  aUitudines  musculorum  fuerint  wqualeSy  et  crassitics 
eorum  incequales :  potentice  motipcBj  et  pondera  suspensa^  pro- 
portionalia  erunt  erassitiebus  musculorum  ;  at  pondera  ad  cequales 
aUitudines  ascendent. 

Proposftion  cxxiii. 

Aty  si  tam  cdtitudines^  quam  crassities  musculorum  intpquales 
fuerint^ pondera  suspensa  erunt^  ui  crassities  musculorum^  aUi- 
tudines elevtitionum  eorum  ut  longitudines  musculorum;  at  po- 
lentiw  compositam  proportionem  habebunt  ex  rations  crassitierum 
et  longitudinum. 

If  in  these  Propositions  we  replace  the  phrase  potentia 
motiva  by  its  modern  equivalent,  Work  donsy  we  obtain  the 
following  statement : — 

The  Work  done  by  tlie  contraction  of  a  muscle  ts  proportional 
^  tt>  its  length  and  area  of  cross  section  jointly. 

But  it  is  evident,  cceteris  paribus^  that  the  weight  of  a 
muscle  is  proportional  to  the  product  of  its  length  and  cross 
section;  so  that  Law  I.  may  be  fairly  called  Borelli*s  Law; 
although  he  failed  to  see  the  important  consequences  that 
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flow  from  it.  In  my  section  on  Muscular  Types  I  have  en- 
deavoured to  show  what  valuable  applications  may  be  made 
of  this  Law  by  the  Comparative  Anatomist,  when  combined 
with  the  Law  of  Least  Action  applied  to  muscular  structure 
and  arrangements. 

Law  IL  Constancy  of  Work  done. — ^The  second  Law  may 
be  described  as  the  law  of  constancy  of  work  done  by  a  group 
of  muscles,  in  a  single  contraction,  performed  under  different 
external  conditions. 

The  admirable  experiments  publbhed  by  Mr*  W.  Stanley 
Jevons  in  Nature  (30  June,  1 870)  enable  me  to  demonstrate 
the  truth  of  this  Law  in  a  satisfactory  manner. 

Mr.  Jevons  ascertained  by  numerous  experiments  the 
comparative  distances  to  which  various  weights  could  be 
thrown  by  hand,  on  level  ground.  The  weights  employed 
ranged  &om  ^  lb.  up  to  56  lbs.,  and  were  thrown  as  nearly  as 
possible  in  a  uniform  manner,  and  at  the  most  advantageous 
angle  of  projection.  About  57  experiments  at  different  times 
were  made  with  each  weight,  or  456  experiments  in  all ;  and 
it  was  quite  obvious  that  good  average  results  were  obtained, 
the  correspondence  of  different  sets  being  very  satisfactory. 
The  following  results  were  obtained  : — 

Mr,  Jevons'  Experiments  {Throwing  Weights). 


Arenge  Distance 
thrown  in  feet. 


Calculated. 

Difference. 

'•93 

+  0.09 

3.<>.^ 

-0.07 

6.46 

-  0.40 

10.61 

+  0.05 

'4-65 

+  0.04 

19.61 

+  0.96 

23.61 

+  0.56 

26.30 

-0.85 
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The  calculated  distances  contained  in  the  foregoing  Table 
were  obtained  by  Mr.  Jevons,  by  assuming  the  following 
empirical  Law : 

tc  +  q  \     J/ 

where 

a  B  distance  thrown, 

ic  =  weight  thrown, 

j9,  q,  unknown  constants  to  be  determined. 

The  experiments  gave  Mr.  Jevons  eight  dbtinct  equa- 
tions by  which  to  determine  the  two  unknown  quantities  p 
and  q ;  and  by  means  of  the  method  of  least  squares,  Mr.  Je- 
vons found  their  most  probable  values  to  be 

P=  "5-7 
y=      3-9 

Mr.  Jevons  correctly  stated  that  the  agreement  between 
observation  and  calculation  is  so  close  as  to  prove  the  accu- 
racy of  the  empirical  law  (115)*  but  he  professes  his  inability 
to  explain  it  on  mechanical  principles.  I  subsequently  suc- 
ceeded in  doing  so,  and  published  my  results  in  NcUure,  My 
investigation  is  as  follows  : — 

In  throwing  weights  by  the  hand  in  the  manner  described 
by  Mr.  Jevons,  the  arm,  after  a  little  practice,  instinctively 
pitches  the  weight  at  the  angle  (45^)  corresponding  to  the 
maximum  range  (4?),  and  as  the  maximum  range  is  propor- 
tional to  the  square  of  the  velocity  of  projection,  it  may  be 
used  to  replace  that  quantity,  in  estimating  the  work  done  by 
the  arm.  The  total  work  done  by  the  arm  is  the  same  as  if 
the  weight  used  and  the  weight  of  the  arm  were  concentrated 
at  the  centre  of  Gyration  of  the  loaded  arm,  regarded  as  a 
compound  pendulum. 
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Let  UB  assume 

w  B  weight  held  in  hand, 

a  B  weight  of  arm, 

V  =  velocity  of  centre  of  Gyration. 

By  the  law  of  Constancy  of  Work^  we  have 

(it  +  a)  r*  "  constant.  .   (i  i6) 

Let 

F- velocity  of  the  hand, 

k   m  radius  of  gyration, 

a  -  length  of  the  arm. 

We  now  have  the  additional  equations, 

r=F^  (,,7) 

and  since  the  arm  may  be  assomed  to  be   approximately 
cylindrical,  we  have 


Hy 


(10  +  a)i% 
\        3/ 
or. 


a 

--— i  (118) 

a*      to  +  a  ^        ' 

Substituting  from  (117)  and  (118)  in  equation  (116),  wc 
find 


••(-i)- 


Const. : 


and  finally,  writing  x  for  F%  as  before  explained,  we  have 

j:  =  -^.  (119) 

tr  +  - 
3 

This  equation  is  identical  with  the  empirical.formula  (i  15) 
employed  by  Mr.  Jevons,  and  shows  that  his  constant,  ^, 
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represents  one-third  of  the  weight  of  the  moving  arm  ex- 
pressed in  pounds.  The  weight  of  Mr.  Jevons*  arm^  indad* 
ing  the  scapula  and  its  muscles  actually  in  motion,  is  therefore 
ii.ylbi. 

The  remarkable  agreement  between  the  observations  and 
equations  (115)  and  (119)  which  may  be  derived  directly,  as 
I  have  shown,  from  the  Law  of  constancy  of  work  done  in  a 
single  contraction  of  a  group  of  muaoleSi  proves  completely 
the  accuracy  of  that  Law. 

Although  the  work  done  by  the  contraction  of  the  muscles 
is  constant,  the  useful  work  done  is  not  constant,  and  it  may 
be  worth  while  to  inquire  how  it  Yaries,  and  whether  it 
admits  of  a  maximum,  a  circumstanoe  which  would  have  an 
important  practical  significance. 

Using  the  same  notation  as  before 

The  useful  work  done  ■•  trj;  «  i|. 
The  weight  thrown       «=  ir  «  5» 

If  ^  and  i|  be  used  to  designate  the  abscissa  and  ordi- 
nate of  a  curve,  by  constructing  this  curve  of  useful  work 
done,  we  may  ascertain  whether  its  ordinates  admit  of  a 
maximum  or  not.  Multiplying  Mr.  Jevons*  equation  (115) 
by  IT,  we  find 

pir 


1CX  = 


tc  ^  q 


or  ij  =  ^ .  (»2o) 

This  represents  an  equilateral  hyperbola  referred  to  axes 
parallel  to  its  asymptotes,  and  intersecting  on  the  curve 
itself. 

In  Fig.  (102)  I  have  constructed  from  calculation  tlic 
curve  of  useful  effect,  which  is  an  equilateral  hyperbola, 
having  OX  and  OY  for  asymptotes. 
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fFift.  102.      Curve  of  useful  work,  i|  -  y^**  J 

^  5  +  ?      ^-      3-9) 

and  have  shown  the  actual  useful  effects  of  each  weight,  by 
means  of  the  centres  of  the  small  circles  corresponding  to  each 
weight.  This  Figure  conveys  to  the  eye  a  complete  idea  of  the 
accuracy  of  the  Law  of  Constancy  of  Work,  and  of  its  agree- 
ment with  observation. 

The  upper  line  in  the  Figure  shows  the  horizontal  asymp* 
tote,  towards  which  the  ordinate  continually  approaches,  and 
both  the  curve  itself  and  the  observations  show  that  the 
useful  effect  increases  with  the  weight  employed. 

Equation  (ii6)  may  be  thus  written, 

ifj^  -^  at^  »  constant; 

in  whidi  t0tr*  represents  the  useful  wark^  and  ao*  the  work 
done  by  the  arm;  in  this  equation,  a  is  a  constant,  being 
the  weight  of  the  arm,  and  v  grows  less  as  the  weight  thrown 
increases;  hence  the  work  expended  on  the  arm  is  less  as 
the  weight  is  greater,  and  therefore  the  useful  work  must 
increase  continually  with  the  weight,  and  reaches  a  maximum 
when  the  weight  is  infinite. 

In  figure  io2,  the  useful  work  is  represented  by  the 
ordinate  of  the  hyperbola,  and  the  work  done  on  the  arm  is 
represented  by  the  intercept  of  the  ordinate  between  the 
curve  and  its  asymptote,  which  diminishes  continually  as  the 
weight  (abscissa)  increases. 

The  coordinates  of  the  centre  of  the  hyperbola  (f2o)  are 

a  »-y, 
/3=     P, 

and  the  equation  of  the  curve,  referred  to  its  asymptotes,  is 

Ci|  +  p?»o.  (I2l) 

20 
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From  the  preceding  data,  we  may  calculate  the  maximum 
velocity  which  the  muscles  employed  as  in  the  experiments 
are  capable  of  giving  to  the  hand.  For,  since  the  work  done 
on  the  arm  is  a  maximum  when*tr  =  o,  we  find  from  equa- 
tion (115)  the  maximum  range  of  an  infinitely  small  weight 

X  =  ^  =  LLH  =  29I  feet, 
y        39  ^^ 

Now,  it  is  well  known  that  the  velocity  of  projection 
Goxreaponding  to  the  maximum  range  on  a  horizontal  plane  is 

F=  s/Jx,  (122) 

fro,„  which  we  find    " 

V  =  30.9  feet  per  second, 

showing  that  the  muscles  in  question  can  produce  oh  ^e  hand 
a  velocity  nearly  equal  to  that  of  a  body  which  has  fallen  for 
one  second. 

Law  III.  7^  Law  0/  Fatigue.— The  third  Law  of  Mus- 

« 

Cular  Action  states  that  the  total  tcark  done  multiplied  by  the 
%*afe  o/tcork  is  constant ; — and  as  soon  as  this  product  attains  itd 
constant  value,  fatigue  sets  in,  and  the  muscles  become  in- 
capable of  giving  out  more  work,  until  they  have  been  allowed 
to  rest.  Hence,  the  Third  Law  may  be  appropriately  termed 
the  Law  of  Fatigue. 

First  Illustration  of  Law  of  Fatigue.'^ — I  shall  take  my  first 
proof  of  this  Law  from  Mr.  Jevons*  experiments.*  Mr.  Je- 
vons  raised  and  lowered  various  weights  by  a  pulley  and  cord 
through  the  convenient  range  of  the  arm,  continuing  the 
motion  with  unrelaxed  rapidity  until  the  power  of  the  muscles 
was  entirely  exhausted.  From  these  experiments,  he  found 
tl)e  following  results  : — 

♦  XaturCt  30th  June,  1870,  p.  159. 
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Mr.  JwoHi*  Experimenti  (lifting  Wnightn  with  Pulley). 


Weight 
Ufted. 

No.  of 
timei 
lift«d. 

Useful 
Work. 

56  lbs. 
28  „ 

'4    M 

5.7 
II. 9 
23.0 

37.6 
III.O 

319.2 

499.8 
6A4.O 

789.6 
1554.0 

From  the  manner  in  which  these  expertmeittg  were  made, 
it  is  easy  to  see  that  the  weight  of  the  arm  does  not  enter 
into  the  result.     Let 


n 

h 
t 


weight  raised ; 

number  of  times  it  is   raised/  carried  to   point   of 

fatigue  of  muscles ; 
height  through  which  weight  is  raised  ; 
time  occupied  by  a  single  lift. 


Hence  we  have 


Total  work  done  =  wlin^ 
Rate  of  work        =  — . 


The  rate  of  work  is  found  by  dividing  the  work  done  in  a 
given  time  by  the  time  itself.  Hence  we  find  by  the  Law  of 
Fatigue 

s  constant;  (123) 


t 


or,  since  h  and  t  are  constant, 


If  we  write 


ir*n  «  A. 


If  »  w» 

2g2 


(124) 
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we 


have 


C^--4, 


(i»S) 


which  represents  a  cubical  hyperbola* 
If  we  write 


we  find 


If  B  tm  (useful  effect), 


(126) 


which  represents  an  equilateral  hyperbola. 

If  we  write  A  ■•  19600,  in  equation  (124),  we  can  calculate 
the  following  values  of  n,  and  compare  them  with  the  ob- 
served values : — 

Hr.  Jevans*  ExperimenU  {lifting  Weights  tcUh  Pulley). 


w. 

M(0b- 

■ured). 

ealatod). 

DifRsmMMi 

56 

5.7 

6.2 

+  0.8 

42 

II. 9 

II. I 

28 

23.0 

»5.o 

-  2.0 

21 

37.6 

44.3 

-  6.7 

14 

III.O 

lOO.O 

+  II. 0 

Cubical  hyperbola,     ir*n  -  19600. 

In  Fig.  103,  I  have  constructed  the  cubical  hyperbola, 

fr*n  =  19600, 

showing  both  its  asymptotes,  and  marking  with  small  circles 
the  observations  of  Mr.  Jevons ;  tihe  agreement  between  cal- 
culation and  observation  is  sufficiently  close  for  this  class  of 
experiments. 

The  relation  between  the  useful  effect  and  weight  lifled  is 
represented  by  an  equilateral  hyperbola  (126),  and  the  useful 
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efTect  diminishes  as  the  weight  increases,  and  becomes  infi 
when  the  weight  is  zero.  There  is,  therefore,  no  true  in 
mum  of  effect  in  these  experiments. 

Second  Illtittration  of  Law  of  Fittigiie. — I  shall  take 
second  illustralioii  of  the  Law  of  Fatigue  from  expeiim 
similar  to  those  described  (pp.  24-44),  &om  which  I  obtai 


Fig.  103. 

my  first  view  of  the  Law.  llie  experiments  consist  in  1 
ing  out  the  arm,  horizontally,  either  unloaded,  or  carr 
weights  in  the  palm  of  the  hand,  held  upwards,  and  ni 
the  time  during  which  the  arm  could  be  held  out  horizonl 
The  following  results  are  the  means  of  many  observe 
made  on  myself,  and  include  those  before  described : — 
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Dr^  Haughions  ExperimenU  {holding  Armi  horizontal). 


Weight. 

Time. 

Useful 
Effect 

O   lbs. 

420  sees. 

0 

I     •> 

275        M 

275 

2     „ 

200     „ 

400 

3    »» 

147     „ 

441 

4.5  m 

101     „ 

454.5 

7    », 

62     „ 

434 

I'     ». 

33    „ 

363 

M    »* 

23    „ 

322 

The  useful  effect  is  estimated  by  taking  the  product  of  the 
weight  and  the  time  during  which  it  is  held  in  the  horizontal 
position. 

Using  the  notation  employed  in  p.  25  ;  let 

w  m  weight  held  in  hand. 

a  •  weight  of  arm. 

t  B  time  of  holding  arm  horizontal,  until  fatigue  sets  in. 

«  B  distance  of  centre  of  gravity  of  loaded  or  unloaded 

arm  from  centre  of  glenoid  cavity* 
01  =  the  unknown  angular  velocity. 

The  moment  of  the  weights  equilibrated  by  the  action  ot 
the  muscles  is 

moment  =  (ti?  +  a)  x. 

The  total  work  done  will  be  proportional  to  this  moment 
multiplied  by  the  time. 
Hence 

Total  work  done  =  u}(tc  -^  a)  xt^ 

Rate  of  work        =  cn  (ti?  +  «)  ar. 


Hence,  by  the  Law  o(*  Fatigue, 

w'  (w  +  ay  JcH  =  const. 


('27) 
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Now,  we  have 


a 


(w  -¥  a)x  ^  wa  +  a  -^ 

2 

where  a  is  the  length  of  the  arm,  supposed  to  be  an  unifoi'm 
cylinder ;  therefore 


(it  +  a)^  =  af  IT  +  -  I 


substituting  in  equation  (127),  we  obtain  (assuming  oj^  to  be 
an  unknown  constant) 


[^^^^^t  =  A. 


(128) 


This   equation    represents    a   cubical   hyperbola,    whose 
asyniptotes  are 

< =  o.  (129) 


a 
tr  -^^  -  ^  o. 

2 


Solving  equation  (128)  for  t,  we  find 


^-, Iv-T--  (n^) 


(-  ^  0 


The  useful  effect  is  found  by  multiplying  (130)  by  w^  and  is 

Jmftj 

Useful  effect  -  u;^  =  — .  ( m ) 

This  equation  represents  a  cuspidal  cubic,  whose  shape  I 
shall  presently  describe. 

I  find  the  following  values  of  A  and  a  to  give  me  the  best 
agreement  between  theory  and  observation,  viz. : — 

A  =  7730. 
a  =    8.5   lbs. 
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Using  these  values  I  find  the  following  companion  of 
theory  and  obsenradon : — 

No.  f . — Dr.  HaughtcrCz  Eaiperments. — (Time  of  holding  Arm 

horizontal). 


w. 

t(obMrTel). 

^(OBlettliited). 

DiflEntiiM. 

o 

4soaecs. 

427    tecs. 

-7 

I 

^••S     »9 

2»o      „ 

-  ^ 

200    „ 

19S      „ 

+  1 

147    tf 

H7        n 

0 

4.5 

lOl     „ 

6a    „ 

61.4  n 

•f  0  6 

II 

33    n 

31.6  H 

+  1.4 

14 

23    n 

>3-3  ft 

-0.3 

No.  2.— Dr.  HaughtotCi  Experi$nenU.—{U9^  Efect). 

(Holding  Arm  horisontal). 


UtefulEfltet 

UtefulBflfoel 

W^*|M 

«o. 

olNMUfvd. 

oiloalat«d. 

j^uinrvuuo. 

0 

0 

0 

0 

»75 

aSo 

-5 

400 

395.5 

+  4.5 

441 

441 

0 

4.5 

454.5 

454 

+  0  5 

434 

430 

+  4 

II 

363 

366 

-3 

14 

3aJ 

316 

-4 

The  cubical  hyperbola  (130)  is  shown,  drawn  to  scale  in 
Fig.  (104);  its  asymptotes  (129)  being  OX  and  OY;  and  the 
small  circles  as  before  denoting  the  actual  observations. 


i 


r 


!l 


AKIMAL  UECUAMICS. 


Fig-  to4. 
•  Fig  104. — Dr.  Saughion'a  Eiperimentt — (Armt  hortMi 


I  Cubical  Hyperbola 

L         ^  =  7730.      a  =  8.S  Ibe.         J 


-FTJ] 


The  general  form  of  the  cuspidal  cubic(i3t)  who« 
nates  represent  the  useful  effect,  is  shonn  in  Fig.  (ic 
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which  X'OX  is  the  single  asymptote,  corresponding  to  t  >  o, 
snd  ApA  is  the  double  asymptote  corresponding  to 


and  having  a  cusp  at  negative  infinity. 


Fig.  loj. 

There  is  an  hyperbolic  branch  lying  between  yiX' and /M'. 
Tlie  curve  pusses  through  the  origin  0,  and  the  positive 
weights  are  measured  on  OX,  while  negative  weights  are 
nic'KSured  on  0^'.  The  asymptote  AA'  lies  at  a  distance  iVom 

yy  equal  to  -  ;  which  signifies  that  if  the  hand  were  lifted 

by  a  weight  equal  to  that  of  half  the  arm,  it  could  be  held 
out  for  an  infinite  time,  without  being  tired,  as  is  evident. 

The  portion  of  the  curve  with  which  we  are  concerned 
lies  between  OX  and  OY. 

The  ordinate  (or  useful  eiFect)  attains  a  maximum  ttim', 
when  the  weight  Om'  is  equal  to  half  the  weight  of  the  arm  ; 
and  the  point  n  corresponding  to  On'  equal  to  the  weight  of 


1 


^ 

J 
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tlie  arm,  is  a  point  of  inflexion  on  the  curve  where  the  cur- 
vature changes  aign,  and  the  curve  becomea  aaymptotic  to 
the  line  OX. 

The  following  are  the  values  of  the  abscisae  and  ordinatea 
at  these  important  points:— 


Om'  =  - 


Oh'- 


°9« 


(>3S) 


The  tangent  drawn  at  the  point  ofinfleidon  cuts  off  an 
abscissa  on  the  axis  OX  equal  to  411.  The  readiest  mode  of 
approximating  to  the  best  numerical  values  of  ^  and  a,  is  by 
compating  the  co-ordinates  of  the  maximum  effect  (t»)  with 
the  equations  (133). 

In  F^g.  (106)  I  have  drawn,  on  a  larger  scale,  the  por- 
tion of  the  cujpidal  cubic  (131;  corresponding  to  positive 
values  of  u>  and  /,  and  have  also  shown  the  actual  observationa 
by  means  of  the  small  circles.  The  agreement  between  theory 
and  observation  ia  very  satisfactory. 
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Rg.  io6. — Dr.  HaughtorCs  Experiments — {Holding  Arm  kori^ 

zontal) — Useful  Effect. 

Aw 


tct^ 


H)' 


A  =  7730 
a  m    8.C 


A  valuable  series  of  observations  of  the  same  kind  have 
been  made  by  Mr.  Jevons,*  of  ^hich  the  following  are  the  re- 
sults : — 

Mr.  Jevons*  Experiments-^HoUing  Arms  horizontal). 


Weight. 

Time. 

asefnl  Eflboi. 

1  lb. 

3a  t.  a  8608. 

3*' 

a  f« 

ai8.9    „ 

438 

4  »> 

147.9    ft 

59* 

7  .. 

87.4    •. 

6la 

10  „ 

^  3    f. 

603 

14  » 

3*.  5     n 

455 

I  found  equations  (130)  and  (131)  to  represent  the  time 
useful  effect  best,  when 

A  «  13340. 
a  <=    10.9  lbs. 

By  using  these  values  I  find  the  following  comparison  of 
theory  and  observation. 

No.   I. — Mr.  Jevons*  Experiments — {Time  of  holding  Arm 

horizontal). 


w. 

t  (obeerrvd). 

t  (odcalatod). 

DifGcTWiM. 

1 

321    2  8608. 

320.7  sees. 

4    0.5 

a 

218.9      „ 

»4o.3    »» 

-    21.4 

4 

«47  9     »i 

i49.4    »> 

-    «.5 

7 

87.4    ». 

86. 1     „ 

+    «.3 

10 

60.3     „ 

55  9     ft 

+    44 

14 

3a-5     ». 

35.  »         M 

-     2.7 

*  Nature,  June  30,  1870,  page  158. 
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'.  a. — Mr.  Jevont'  Erperimenia — {U^fvl  Effect) — {Holding 
AriM  horisontai). 


"*~"' 

, 

3" 

■»    o 

4»o.7 

4 

J9» 

J97-5 

-   SS 

6o] 

JSS.9 

'* 

4SJ 

49J7 

-3>-7 

The  maximum  UBeful  effect  corresponda  to  a  weight 
5-45  Ibi.,  equal  to  half  the  weight  of  the  Brm^  and  ita  value 
is  1 1 3a) 


Maximum  useful  effect  ■•  —  -  6i2. 
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In  order  to  show  the  agreement  of  theory  and  observation, 
I  have  drawn  in  Fig.  (107)  the  cubical  hyperbola  (130), 
and  have  represented  Mr.  Jevons*  observations  with  small 
circles. 

Rg.   107. — Mr,  JevonJ  ExperimetiU — {Holding  Arms  hori' 

zontal). 
A 


(  t^,  ^-1334 


Third  Illustration  of  Law  qf  Fatifftte. — I  shall  take  the 
ihirdjllustration  of  the  Law  of  Fatigue  from  the  experiments 
performed  by  Mr.  Nipher.* 

Mr.  Nipher  lifted  a  weight  (w)  through  a  height  (A)  in  the 
time  (t),  a  number  of  times  (n),  until  the  muscles  of  the  arm 
became  fatigued.  The  arm  was  raised  from  the  vertical  to 
the  horizontal  position.  The  lifts  were  made  isochronous 
with  the  alternate  beats  of  a  pendulum,  and  during  the  other 
alternate  beats,  the  arm  dropped  to  the  side,  the  weight  being 
caught  upon  a  cushion  attached  to  the  leg ;  and  when  the 
time  (t)  exceeded  one  second,  the  weight  was  supported  upon 
a  framework  during  the  interval  of  rest.  The  experiments 
were  made  at  intervals  not  less  than  three  hours,  and  were  so 
arranged  as  to  eliminate  from  each  series,  as  far  as  possible, 
the  increase  in  the  power  of  the  muscles  produced  by  the 
"  training.*' 

The  following  Table  contains  the  results  of  one  set  of  ex* 
periments : — 

t€  »  kiloc^ams,       A  «  0.74  metre,     '  t  ^  1.164  sees. 

•  Iowa  School  Labontorj,  toL  i.,  p.  108  (187 1). 
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Mr.  Niphers  Experiments — {Raising  Weights  at  given  rate) 


». 

n  (right  arm). 

»  (left  arm). 

I  kiL 

^SS 

»U 

*  », 

97 

75 

3  >. 

6t 

50 

4  ,» 

37.7 

31.7 

5  ». 

*9-3 

U.7 

6n 

21.5 

«7.8 

7  „ 

15.8 

12.8 

8     M 

12.8 

95 

In  this  case,  the  work  done  involves  the  raising  of  the 
arm  as  well  as  the  raising  of  the  weight ;  let  a  represent  the 
weight  of  the  arm,  then  we  have,  supposing  the  aim  to  be  an 
uniform  cylinder, 

Total  work  done  =  f  w?  +  -  j  An, 


Kate  of  work 


(^  -^  ^)- 


t 


Hence,  by  the  Lau>  of  Fatigue^ 


[  IT  +  -  )  A'» 


/ 


or,  since  h  and  /  are  oonstant, 


constant, 


i^w  +  ^ j  «  =  A. 


(133) 


This,  as  before,  represents  a  cubical  hyperbola  similar  to 

equation  (130). 

1  find,  by  trial,  the  following  values  of  the  constants  :«— 

Bight  arm.  Left  arm. 

A  «  1000  A  =  8jo 

a  =      2.0  a  =  2.2 
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Calculating  by  theiie  conatanta  from  eqnaUon  (133)  I  ob- 
tun  the  following  comparison  of  Theory  aad  Ubservation. 

J/**.  Nipher't  ExperimenU — {Baismg  Weights  at  tame  rate), 
h  •>  0.74  metre.  t  -  i .  1 64  sec 


""""_ 

I-„A«..                            1 

■•(olMcmd]. 

■  (<»leiil>bd)- 

m^i^. 

DtflnM*. 

.kil 
J- 

4x 

i: 

Jr. 

'J5 

V. 

J7  7 

iiil 

39-9 
.7.1 

10.4 

;s-6 

+    i.j 
+   I.I 

>'3 
75 
SO 
l'-7 

;;:'. 

9-5 

"1 

SO. 6 
3>-7 

■1.', 

'3  0 

+    3 
-«3 

7 
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Kg.  109. 

In  FigB-  108  and  109  I  have  conslnicted  the  Cubical 
Hyperbolas  for  each  arm,  and  shown  the  actual  observations 
by  small  circles.  The  agreement  between  theory  and  obser* 
TKtion  is  as  close  as  can  be  expected, 

Mr  Nipher  himself  represents  the  observations  empirically, 
by  means  of  an  Equilateral  Hyperbola,  which,  for  the  portion 
of  the  curves  under  observation,  does  not  differ  materially 
in  shape  from  the  Cubical  Hyperbola,  indicated  by  the  Law 
of  Fatigue  as  the  true  form  of  the  curv«, 
Sh 
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On  comparing  these   experiments  with  those  made  by 
Mr.  Jevons  and  myself,  the  small  value  of  the  weight  of  the 
furm  appears  striking.    Converting  kilograms  into  pounds, 
we  find- 
Mr.  Jevons*  arm  •■  lo  9    lbs. 
Dr.  Haughton*s  arm         «    8.5      „ 

Mr,  IHiphers  j     °  ^ 

'^  (  left  arm    -    4.85    „ 

In  Mr.  Nipher's  experiments,  however,  there  may  have 
been  some  peculiarity  in  his  mode  of  raising  the  weight, 
which  prevented  the  full  weight  of  the  arm  from  coming  into 
play.  We  have  already  seen  that,  in  Mr«  Jevons'  experi- 
ments made  in  raising  weights  by  means  of  a  pulley,  the 
weight  of  the  arm  disappeared  altogether  from  the  result, 
which  is  expressed  by  the  equation  (124). 

The  useful  effect  obudned  by  Mr.  Nipher's  experiments  is 
found  from  (133),  by  calculating  the  product  of  w  and  n. 
This  gives  the  formula. 

Useful  effect  =  trn  «»  (134) 


{u>.^J 


This  represents  a  cuspidal  cubic,    as   before,   having  a 
maximum  ordinate  corresponding  to  the  weight. 


a 

w  =  -. 

2 


I  find,  by  using  the  numerical  constants  already  given,  the 
following  comparison  between  theory  and  observation  : — 
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No.  I.— ifr.  Nipher' 8 Experiments  {Useful Effect)-^Right  Arm 

{raising  Weighte  at  given  rate). 


w. 

Uteful 

Effect 

(obsenred). 

Useful 
Effect 
(calou* 
lAted), 

Diffcrenoe^ 

okU. 

1       M 
>       »> 

3       M 

4  » 

5  .» 

6  „ 

7  M 

8  H 

P 

1S3 
150.8 

146.5 

110.6 
102.4 

0 

22a 
187 
160 

'39 
'a3 
110 

99 

0 

+    5 
-28 

-  4 

-  9.2 

+    6 
+    0.6 

■*-    3»4 

No.  1.— JIfr.  Ntpher'a  ExperimenU  {Useful  Effect) — l^eft  Arm 

{raising  Weights  at  given  rate). 


¥>, 

Useful 

EffMt 

(obsonred). 

Useful 
Effect 
(calcu> 
Uted). 

Pifler«noe. 

/ 

okil. 

0 

»'3 

'50 

'50 
126.8 

'23.5 
106.8 

89.6 

1^ 

0 

176 

'5' 
X3« 
12a 
loa 

9' 
82 

0 
^  20 
^26 
—    1 

-  4.2 

+  'i 

+  4.8 

-  '4 

-  6 

The  maximum  effects,  calculated  from  (132),  are 

A      ( 250     (Bight  arm) 


Maximum  effect 


2a      f  193.2  (Left  arm) 


Fourth  Illustration  of  Law  of  Fatigue, — Another,  and  very 
interegting,  method  of  testing  the  Law  of  Fatigue  consists 
in  raising  weights  held  in  the  hand  or  hands^  from  the  vertical 

2u2 
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to  the  horizontal  position,  at  a  given  rate,  until  fatigue  sets  in, 
and  then  repeating  the  experiments  with  the  same  weight,  at 
a  different  rate.  In  every  case,  the  time  of  raising  the  weight 
is  made  equal  to  the  interval  of  rest  that  elapses  until  the  next 
Uft. 

The  following  observations  were  made  by  me  on  Dr.  Alex- 
ander Macalister.  The  weight  used  was  14  lbs.,  and  the 
height  through  which  it  was  lifted  was  30  inches.  One  arm 
only  (the  right)  was  used  in  the  experiments. 

In  the  following  Table,  I  have  compared  the  results, 
observed  with  the  results  calculated  from  the  Law  of  Fatigue^ 
and  the  agreement  is  highly  satisfactory. 

n  represents  the  number  of  lifts  before  fatigue ; 
t  represents  the  time  occupied  by  the  lift,  which  is  made 
equal  to  the  time  of  repose. 

Dr,  Macalister  {Raising  Weights  at  varying  rates). 
f/?  =  14  lbs.  A  =  30  inches. 


t. 

n  (ohsor- 

n  (calcu- 

Differ- 

ved). 

lated). 

ence. 

0.65  ?C(  H 

36.0 

36.  I 

—  0.  I 

1                  * 

0.75       »» 

390 

39-7 

-  0.6 

3. 

I.18       „ 

51.0 

49-5 

+  '5 

1.40       „ 

51.7 

51-4 

+  0-3 

1 .  00       „ 

53.0 

50.6 

+  2.4 

6. 

2.8J.      „ 

44.5 

44.5 

0.0 

7. 

3.68  „ 

37.8 

38.1 

-0-3 

8. 

5.09   ». 

27.5 

29.8 

-2.3 

The  column  of  calculated  values  of  n  was  found  as  fol- 
lows : — In  raising  the  arm  and  weight  from  the  vertical  to  the 
horizontal  position  in  the  time  ^,  the  muscles  perform  two 
distinct  kinds  of  work,  dynamical  and  statical ;  the  dynamical 
work  being  measured  by  weight  multiplied  by  height  lifted, 
and  the  statical  work  being  measured  in  a  manner  similar  to 
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the  work  of  holding  out  the  loaded  arms  horizontally.  In 
other  words,  the  arm  and  weight  must  be  not  only  UJUd  but 
sustained  during  the  time  t 

Using  the  same  notation  as  before,  we  have 

Dynamical  work  =  (tr  +  a)  a?n  ;       (135) 

Rate  of  Dynamical  work r-^. 

t 

If  the  arm  were  held  in  the  horizontal  position  during  the 
time  ty  the  statical  work  would  be  represented  by 

w  {to  ■¥  a)  xt, 

and  the  total  statical  work  would  be 

w  {to  +  a)  xnt. 

But  the  arm  is  not  held  horizontally,  but  sustained  for  equal 
times  in  every  position  of  the  quadrant  from  vertical  to  hori- 
zontal, while  the  arm  and  weight  are  passing  from  the  vertical 
to  the  horizontal  position. 

Hence,  the  statical  work  done  bears  a  certain  fixed  pro- 
portion to  the  statical  work  of  holding  the  arm  and  weight 
horizontally,  and 

Statical  work  =  oi  (if'  +  a)  xnt  x  K; 

Rate  of  statical  work  =  to  {to  •{  a)  x     x  K,       ^ 

The  coefficient  K  is  thus  found :  let  0  denote  the  angle 
between  the  vertical  and  the  axis  of  the  arm  in  any  position ; 
and  let  the  whole  time  t  be  divided  into  m  parts  ;  and  let  the 
loaded  arm  rest  at  the  angle  0  during  the  mth  part  of  the 
time  t.  The  work  done  in  the  position  0  is  (resolving  the 
weight  along  the  tangent  to  the  circle), 

o)  (w  ^^  a)  an  X  sin  0  y  —. 

in 

Let  us  now  divide  the  quadrant  into  m  equal  parts,  and 
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suppose  that  the  arm  in  rising  from  the  vertical  to  the  hori- 
£ontal  position  rests  at  each  division  of  the  quadrant,  for  the 
mth  part  of  the  lime  U  The  angle  0  in  our  kst  equation  will 
have,  successively,  the  following  value : — 

IT  2w  3ir  mir 

"-~f  '— ,  ^~-|     «     •     •     •     — ^» 

am  a//»  2m  2fn 


Let  us  write 


If 


then  the  total  work  done  will  be 

» 

Cii  (tr  -f  a)  am—  (sin  ^  -1-  sin  2^  +  &c.  +  sin  m^). 
Comparing  this  with  equation  ( 1 36),  we  find 

K»  —  (sin  ^  +  sin  2^  +  &c.  +  sin  m^),         (137) 
where  m  is  to  be  made  indefinitely  large  ;  but 


.£ii!Hi) 


sin  0  -¥  sin  2^  -»>  &c.  +  sin  m^  «  sin 

sm  - 

2 

or, 

.    (w  +  I )  A    .    m0 
sin  ^^ ^  sin  — ^ 

iT. 2 L. 

w  sin  - 
2 

Substitutinff,  in  this  equation,  —  for  d»,  we  obtain 

(w'  +  i)ir    .    ir 
sm sin  - 

K^  —- , 

m  sin  — 
4W 

and,  finally,  making  m  very  large,  we  find 
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4  Sin*- 

K -^-^.  (,38) 

Substituting  this  value  of  iT  in  eqiations  (136),  we  obtain 

Statical  work  •  —  (w-^a)  xnt  ; 

w 

Rate  of  statical  work  =  —  (w?  +  a)  x. 

w 

The  two  kinds  of  Work,   Dynamical  and  Statical,  just 
described,  are  performed  by  the  muscles  of  the  shoulder, 
until  fatigue  occurs.    The  Law  of  Fatigue  applied  to  this  case 
gives  us  the  following  result  :— 
Let 

W  "  Total  work  of  both  kinds : 

22     =  Rate  of  work- of  both  kinds ; 

Wi  =  Total  dynamical  work ; 

Bi   =  Rate  of  dynamical  work ; 

W^  =  Total  statical  work ; 

Mt  =  Rate  of  statical  work. 

The  Law  0/ Fatigue  gives  the  following  equation  : 

Wit  =  JTiRi  +  W^B^  -  constant.  (140) 

Substituting,  in  this  equation,  the  dynamical  and  statical 
work  and  rate  of  work  given  in  equations  (135)  and  (139)1 
we  obtain 

(u?  +  fl)'«-|-   "*^(~)   '!«  =  constant.       (141) 

In  the  present  experiments  (10  +  a)  x  is  a  constant,  and 
therefore  (141)  may  be  thus  written, 

/2ciiV 
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■Mir)'' 

The  values  of  ft  in  the  experiments  made  on  Dr.  Macal- 

ist«r  were  calculated  from  (14a),  using  the  constaota, 

A  =64.5, 

au 

—  -  o.oaai. 

T 

If  n,  f  be  made  the  ordinate  and  abscissa  of  a  curve, 
equation  (142)  will  represent  one  of  the  central  cubics, 
having  its  centre  at  the  origin,  and  the  axis  of  ;r  asymptotic 
at  positive  and  negaUve  in6nity.  The  ordinate  will  have  a 
maximum  value  for  co-ordinates. 

<  -  ±  —  =  ±  1.6075  ■**^- 
n-  ±  —  -  ±  51.84. 


The  curve  (142),  on  the  aide  of  positive  axes  is  repre- 
sented in  Fig.  110,  and  the  actual  observaUons  are  marked 
by  small  circlfts. 


ANIMAL  MECHANIOS.  473 

Fig.  I  lo. — Dr.  MacalMer  {Raising  Arm  from  vertical  to  hori- 
zontal position^  at  varying  rate). 


""{ 


At  ^    -<54-5     "^ 

^  J  w  ^ 


The  foregoing  observations  and  theory  establish  the  im- 
portant fact,  that  there  exists  a  certain  rate  of  lifting  the 
loaded  arm  to  the  horizontal  position,  which  will  give  a 
maximum  amount  of  work.     This  rate  is 


tm  s    1.607c. 

The  observations  also  give  us  the  value  of  the  important 
constant  w,  used  in  pp.  24-44  ;  substituting  for  w,  we  find 

to  =  0.9772. 

Having  obtained  the  preceding  results,  I  next  made  a  series 
of  observations  on  my  son,  Mr.  J.  Gilbert  Haughton  (set.  21), 
who  is  accustomed  to  the  use  of  10  lb.  dumb-bells.  Taking  a 
ID  lb.  dumb-bell  in  each  hand,  he  raised  both  arms  to  the 
horizontal  position,  with  palms  upward ;  the  time  of  rais- 
ing (t)  being  constant  for  each  experiment,  but  varied  from 
one  experiment  to  another ;  the  interval  between  each  effort 
of  raising  was  also  made  equal  to  the  time  t.  The  following 
results  were  obtained  :— 
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Mr.  J.  Giibeii  Houghton  {Baiamg  Weiffhtt  at  varying  ratm). 
w  -  lo  lbs.  A  m  length  of  aim. 


■• 

B{oh«mri], 

DUmnn 

O.SJ   MO. 
1.19s     n 

1  143    .. 

IJ.O 

11. s 

17.0 

IJ.I 

10.1 

-O.I 

+  0  J 
+  0.1 

-o!6 

lite  calculated  values  of  n  were  found  from  equation  (142), 
uaing  the  constants 

—  =  0.630. 


Thia  curve  is  shown  in  Fig.  iii,  and  the  observations 
are  marked  by  small  circles. 
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Fig.  1 1 1  .^^Mr.  J.  Oilbert  Maughtan  {Raising  both  Arms  loaded^ 
from  vertical  to  horizontal positiony  at  varying  rates). 


n 


At 


The  maximum  work  possible,  and  the  time  of  lift  corre< 
sponding  to  it,  are  found  as  before,  viz. : 

An 
n  =  — -  21.83. 
401  "^ 


t  =  —  «=  1. 5871  sees. 


The  value  of  a;  found  from  the  last  of  these  equations  is 

bi  ^  0.9896. 

Mr.  Kipher's  e.xperiment8  on  raising  4he  loaded  arm  from 
the  vertical  to  the  horizontal  position,  at  varying  rates,  gave 
him  the  following  results : — 

No.    1. — Mr,  Nipher  (Raising  Weight  with  Right  Arm^  at 

varying  rates), 

to  e  7  kilos.  h  =  0.74  metre. 


I. 
2. 

3. 
4. 
5. 

6. 

7. 
8. 


t. 


1. 1648608. 

".50  » 

a.o  „ 

3-0  »» 

4-0  »♦ 

4-5  M 

6.0  „ 


n  (observed). 


15.8 

22.8 

18.5 

>7.3 

»5.3 
'5.0 

14.3 

12.8 


n  (calculated) 

Differenoe. 

22.2 

-6.4 

22.8 

0 

21.7 

-3.  a 

tS.2 

-0.9 

^S'S 

-0.2 

13.8 

+  1.2 

12.6 

+  1.7 

9.4 

+  3.4 
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I  have  calculated  the  column  for  n,  from  equation  (142)1 
using  the  constants 

A  =  30.4. 
—  «  0.666. 

IT 

The  maximum  value  of  n,  and  the  time  of  lift  correspond- 
ing to  it,  are 

Air 
n  =  — =  22.82 
4fu 


^  •  —  «  1.50  sees. 

2fu 

and  the  value  of  ^  deduced  from  the  above  is 

w  «  1.0472. 

Mr.  Nipher*8  results,  from  experiments  made  with  his 
left  arm,  are  given  in  the  following  table : — 

No.  2. — Mr.  Nipher  {Raising  weights  tcUh  Left  Arm^   at 

tarying  rates). 

IT  =  7  kilos.  h  =  0.74  metre. 


1. 

n  (observed). 

n  (calculated}. 

Difference. 

1. 164  sees. 

ia.8 

19.1 

-6.3 

>.50     ., 

'9-7 

19.6 

+  0.1 

a.o        „ 

16. a 

18.8 

-  2.6 

3.0        „ 

US 

«5.7 

—  2.2 

4.0        1) 

11.7 

12.9 

-1.2 

6. 

4  5        ». 

10.8 

II. 8 

—  I.O 

7. 

5.0        n 

10.8 

10.8 

0 

8. 

6.0        ., 

9-7 

9.» 

I  have  calculated  the  column  for  n,  from  equation  (142), 
using  the  constants 
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A  »  26.2 
— «   0.666. 

The  maximum  value  of  n,  and  the  time  of  lift  correspond- 

ing  to  it,  are 

Air  ^ 

n  »  —  •  10.65. 

t  =  —  ■■    1.50  sees. 

The  value  of  cu  is  the  same  as  in  the  experiments  made  on 
the  right  arm,  viz.  :^ 

01  s  1.047  a- 

Combining  together  all  the  values  of  to,  we  obtain  the 
mean  value  of  this  important  constant. 

Value  o/io: 

1.  Dr.  Macalister,       ....    0.9772 

2.  Mr.  J.  Gilbert  Haughton,    .    0.9896 

3.  Mr.  Nipher, ;     1.047  a 


Mean, 1.0046 


The  angular  velocity  w,  turns  out,  therefore,  to  be  equal 
to  unity,  so  that  the  arc  described  in  a  second  would  be  equal 
to  the  radius,  and  the  time  of  describing  the  quadrant  would 
be 


<■=  -"  1.5708  sec, 


and  the  maximum  effect  would  be  produced  when  the  arms 
are  raised  to  the  horizontal  position  at  the  rate  corresponding 
to  an  angular  velocity  equal  to  unity. 
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Law  <^  Jtefreshment.^n  oonsidering  the  Law  of  Fa- 
tigue of  muscles,  an  interesting  question  arises  aa  to  the 
law  by  means  of  which  the  fatigued  muscles  are  restored  to  a 
condition  in  which  they  are  able  to  resume  work  as  before. 
This  law  may  be  called  the  Xaer  of  Refreshment^  and  its  in* 
vestigation  requires  the  solution  of  the  following  problem  :— 
At  what  rate  does  fresh  arterial  blood  supplied  to  muscles 
restore  to  them  the  power  of  again  giving  out  work,  of  which 
they  have  been  deprived  by  fatigue  ? 

In  the  case  of  the  heart,  we  have  a  muscle  that  never 
tires  during  life,  and  we  may  therefore  assume  that  during 
each  cycle  of  work  and  rest,  a  supply  of  fresh  arterial  blood 
is  given  to  the  heart,  sufficient  to  enable  it  to  commence 
again,  quite  refreshed,  a  second  cycle,  and  so  on  for  ever,  or 
at  least  for  eighty  or  ninety  years  of  a  long  life.  If  we  de6ne 
the  Coefficient  qf  Refreshment  to  be  the  work  restored  to  the 
muscle  in  foot  pounds  per  ounce  per  second,  we  obtain  the 
coefficient  of  the  heart's  re&eshment  from  the  following  d^ta, 
already  given  (pp.  144-5). 

Work  done  by  heart  in  one  cycle,  equal  to  3  ounces  lifted 

through  9.92  feet  -  ^  ><  9»92  ft.  lbs. 

Assuming  the  heart  to  beat  72  times  in  one  minute,  the 

work  done  by  heart  in  one  second  1^  ~  k  -i  x  0.02  ft.  lbs. 
•^  60      16        ^ 

The  weight  of  the  heart  is  9.39  oz. 

Hence, 

The  work  done  by  the  heart  per  ounce  per  second  is 

equal  to  2 7 —     "^  •  02377  ft.  lb. 

*  00  X  16  K  9.39  •" ' 

This  amount  of  work  per  ounce  per  second  must  be  given 
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back  to  the  heart  by  the  arterial  blood,  because  the  heart 
never  tires ;  hence 

Coefficient  of  Refreshment  of  human  heart  «  0.2377  ft.  lb. 

Next  to  the  action  of  the  heart,  the  best  example  we  have 
of  muscles  continuing  to  act  for  a  long  time  without  fatigue, 
is  the  case  of  the  muscles  used  in  the  act  of  walking,  Letui 
examine  the  Coefficient  of  Refreshment  for  these  muscles.  A 
man  walking  at  the  most  convenient  pace  for  a  long  day's 
work  walks  at  the  rate  of  one  mile  per  17^  minutes.  Hence 
the  distance  travelled  in  one  second  will  be 

5280 


17.5  X  60* 


The  work  done  (p.  54)  will  be,  at  this  pace,  93^)$''  P^'t 
of  the  weight,  which  may  be  taken  at  1 50  lbs.,  lifted  through 
the  above  space.  Hence,  the  work  done  in  one  second  by 
the  walking  muscles,  is 

5280  X  ICO  ^^   ,. 

■  32  75^  ft- 1"8» 


17.5  X  60  X  23.03 


The  muscles  more  or  less  employed  in  the  act  of  walking 
are  those  of  the  hip,  knee,  and  ankle-joints.  Taking  the 
weights  of  these  muscles  from  the  tables  (pp.  401,  404)9  we 
obtain  for  each  side  124.27  oz.  This  weight  doubled,  or 
248.54  oz.,  is  the  total  weight  of  muscles  employed  in  doing 
the  work  just  calculated.     Hence  we  obtain 

Coefficient  of  RefreBhfnent       32.7 J2  « /»    lu 

of  walking  muscles        "  ^^gi^  -  o.  1 3 1 8  It.  lb. 

The  following  experiments  were  undertaken  in  order  to 
obtain  additional  data  to  determine  the  Coefficient  of  Refresh- 
ment.     Dr.  Macalister,  holding  10  lbs.  in  each  hand,  at  a 
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given  signal,  raised  both  arms  to  the  horizontal  position,  and 
kept  them  in  that  position  until  compelled  by  fatigue  to  lower 
the  weights.  After  a  fixed  interval  of  rest,  the  operation  was 
repeated,  and  so  on ;  the  successive  times  of  holding  up  the 
arms  were  noted,  and  formed,  as  may  be  well  supposed,  a 
series  which  diminished  ,  rapidly  at  the  commencement,  and 
aderwards  more  slowly.  On  plotting  the  experiments,  taking 
the  number  of  the  observation  as  the  x^  and  the  time  of  hold* 
ing  up  the  arms  as  the  y  of  the  curve,  it  became  apparent  that 
the  form  of  the  curve  was  hyperbolic,  and  convex  towards 
the  axis  of  z.  We  can  find  the  horizontal  asymptote  of  this 
curve,  and  so  determine  the  time  of  holding  out  the  arms, 
during  which  the  fatigue  incurred  is  exactly  counterbalanced 
by  the  refreshment  supplied  in  each  cycle  of  rest  and  work. 
When  this  condition  is  attained,  the  shoulder  muscles  can 
continue  to  work  for  hours  without  sensible  fatigue,  as  in  the 
case  of  the  muscles  employed  in  walking. 


Experiments  No 

I  St  Effort, 

6th 
31-^1 

56th 


It 


t» 


J. — Interval  of  Best  -  60  seconds. 
.     60  seconds     .     .     (mean). 

25       tj  •     •  »» 

,      10       „  •     •  ,, 

14  9f  •  •  J> 


These  results  are  the  means  of  many  observations  made 
on  different  days;  and  I  selected  the  6th,  31st,  and  55th  ob- 
servations in  order  to  simplify  the  calculations.  It  is  evident 
that  the  hyperbola  which  ultimately  coincides  with  the  curve 
of  observations  must  have  for  its  equation, 

(;r  +  a)(y-/3)  =  A';  (143) 

and  we  arc  to  determine  a,  /3,  and  If,  from  assuming  any 
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three  points  on  the  curve  to  be  known.     Expanding  (143), 
we  find 

j?y  +  ya  -  ^/3  «  A'  -I-  a/3. 

If  we  substitute  in  this  equation  the  corresponding  co- 
ordinates 

ir-5  J--30        x-55 

y-  25       y  «  16       y  =  14 

we  obtain  three  linear  equations  to  determine  a,  /3|  and  h^. 
The  values  of  these  constants  are 

/3  •    10.8J 
a  -      9.29 

Aj*  »  202.67» 

We  have  now  to  determine  the  work  done,  when  thu 
condition  of  dynamical  equilibrium  is  attained,  and  the  re* 
freshroent  restores  the  work  during  each  cycle.  By  the  equa* 
tions  which  lead  to  (127),  the  work  done  is 


where 


Work  ^  w[w  ^  a)xt 

&;  »  I. 

w  ■  weight  held  in  hand. 
a  "  weight  of  arm. 

X  •  distance  of  centre  of  gravity  of  loaded  arm  from 
centre  of  glenoid  cavity. 

In  addition  to  the  work  done  during  the  time  t^  which 
denotes  the  time  of  holding  the  arm  horizontally,  we  must 
take  account  of  the  work  done  in  lifting  the  loaded  arms  from 
the  vertical  into  the  horizontal  position,  which  is  evidently 

(ir  +  a)  X, 
Hence 

Total  work  »  (m?  +  a)«  (^  +  i)  (M4) 

2i 
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If  we  assume  the  weight  of  the  arm  to  be  lo  lbs.,  and  its 
length  2  feety  we  have 

fT  B  ID  lbs. 
a  »  ID  lbs. 
a?»  1.5  ft.; 

and  equation  (144)  gives  us 

Total  work  »  30  (^  +  i). 

Substituting  for  ^  its  value  10.85  «  jS,  we  have 

Total  work  •  30  x  11.85  ft.  lbs. 

To  find  the  Coefficient  of  Refreshment,  we  must  divide  this 
work  by  the  number  of  ounces  in  the  muscles  in  action,  and 
by  the  whole  time  of  the  cycle  of  rest  and  work. 

The  muscles  more  or  less  engaged  in  lifting  and  holdbg 
the  loaded  arm  horizontally  are 

1 .  Upper  half  of  Trapezius,    ^ 

2.  Oleido-mastoid,      .        .    >  Holding  up  scapular  arch. 

3.  Levator  anguli  scapulae, .  J 

4.  Deltoid,         .         .         •    )  TT  ij* 

,  I  Holding  up  arm. 

5.  Supraspinatus,        .         .    / 

6.  Biceps  humeri,        •         •  ^ 

D      , .  I  Guarding     the     forearm 

7.  Brachiaus,     .         .         .V      from  forcible  extension. 

8.  Supinator  radii  longus,    .  J 

9.  The  flexors  of  the  wrist    \   Guarding  the  hand  from 

and  fingers,  •         .    /      forcible  extension. 

From  the  Tables  (pp.  406,  408),  we  may  calculate  the 
total  weight  of  these  muscles  at  35.41  oz.  Hence  as  the  time 
of  the  cycle  of  rest  and  work  is 

60  +  10.85  -  7^-^S  5 
we  have 

Coefficient  of  Refreshment  «  — —^  «  0.14 17. 

35.41  X  70.85 


•      •  ♦» 
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Eirperiments  No.  IL — Interpol  of  rest  «  30  seconds, 

I8t  Effort,     .     .     60  seconds.     .     .     (mean). 

41st     91  iO'47    »»  •     •         »• 

79th    „         .     .       658    „ 
99th    ,t         •     •       6.00 

From  these  data  we  have  the  following  pairs  of  co-ordi- 
nates, to  determine  from  equation  (143)  the  distance  /3  of  the 
horizontal  asymptote  from  the  axis  o£x, 

a;  «  40  a?  ■  78  «  *  98. 

y  =»  10.47       y  "  ^'S^         y  "  ^•^^• 

The  constants  of  the  hyperbola  turn  out  to  be 

/3  -  4.23. 
o  -  -  1.83. 
i'-  171.74. 

From  equation  (144)  we  have 

Work  done  -30  (^  +  i)  -  30  x  5.23  ft.  lbs., 

and,  since  the  period  of  the  cycle  is  30  +  4.73  «  34*23  ;  wd 
find  as  before 

^O  X  f  29 

Coefficient  of  Befreshment  ■  — ^— ^ — «  0.1206. 

35.41  X  34.23 

Experiments  No.  IIL — Interval  of  rest  «  15  seconds. 

I  St  Effort,  .  •  60  seconds,  .  .  (mean). 

8th     ,,  •  •  10.64     I,  .  • 

43rd  „  .  .       5.93     „  .  .  „ 

92nd  „  •  •  4.02     tt  .  .  H 

From  these  data  we  find  the  following  pairs  of  co-ordi- 
nates : — 

af"7  ;r-42  a?«  91. 

y  -  10.64        y  -  5.93        y  «  4.02. 
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Substituting  in  equation  (i43)«  we  obtain,  Gnally,  for  the 
constiEmts  of  the  hyperbola, 

/3  -  1.323 
a  -  39.2 
k*  =  430.58. 

Hence,  since  the  period  of  the  cycle  is 

we  find  the  Coefficient  of  Refreshment 

30  X  2.323  ^ 

35.41  X  16.323 

Collecting  together  the  results  obtained  from  the  walking 
muscles,  and  from  the  muscles  of  the  arms  we  find 

Coefficieni  of  Refreshment  of  Voluntary  Muscles, 

ft.  Um.  per  OS.  per  aeo. 

1.  Walking  Muscles,     .         .         .        0.13 18 

2.  Muscles  of  Arm  (60  sees,  rest),  0.1417 

3.  „  „         (30        „      ),  0.1296 

3.  n  o  (I  J  ».         ),  0.1206 


Mean,  .  0.1309 


On  comparing  the  mean  Coefficient  of  Refreshment  of  the 
voluntary  muscles  with  the  Coefficient  of  Refreshment  of  the 
heart,  viz.,  0.2377,  we  see  that  the  heart  receives  double  the 
refreshment  in  the  same  time.  This  interesting  result  is 
quite  in  accordance  with  the  views  of  those  anatomists  who  be- 
lieve that  the  heart  receives  double  the  supply  of  arterial 
blood  that  any  other  muscle  receives,  in  consequence  of  the 
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semi-lunar  valves,  during  life,  not  closing  the  openings  of  the 
coronary  arteries  during  systole ;  for  if  the  heart  receives 
twice  the  supply  of  arterial  blood,  it  ought  to  possess  a  Coeffi- 
cient of  Refreshment  double  that  of  any  other  muscle. 

Conclusion, — I  bring  my  work  to  a  close  with  some  regret, 
as  it  has  afforded  me  many  pleasant  hours  of  thought  and  re- 
search. None  of  my  readers  can  see  its  defects  more  clearly 
than  I  myself  perceive  them,  for  I  have  not  been  able  to  use 
more  than  a  tenth  part  of  the  materials  at  my  disposal,  and  I 
feel  that  I  have  failed  to  convey  by  my  words  much  of  the 
interest  that  attaches  to  the  problems  which  I  have  endea- 
voured to  solve. 

This  much,  however,  I  can  guarantee ;  all  the  dissections, 
weighings,  and  observations  have  been  made  by  my  own 
hands,  with  every  precaution  of  which  I  could  think,  to  ensure 
accuracy.  My  observations  have  also  been  made  without 
preconceived  hypotheses  to  guide  them ;  and  many  of  my 
most  interesting  results  have  been  forced  upon  my  notice  by 
the  facts  placed  before  my  eyes  in  the  Dissecting-room  and 
Laboratory. 

I  have  done  my  best  to  travel  non  quo  itur^  sed  quo  eundum 
est ;  and  if  I  have  erred  in  attaching  too  much  importance  to 
Geometry,  as  the  Queen  and  Mistress  of  all  the  Sciences,  I 
have  at  least  the  sanction  of  Plato  for  my  error,  who,  when 
asked  how  the  Divine  Being  spent  His  time,  replied,  yetofjuTpHv 
rov  Qe6v. 

**  Errare  mehercule  malo  cum  Platone,  quam — ** 
I  leave  my  objectors  to  finish  the  quotation. 
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Abdomen,  curvature  of  surface  of, 

in  parturient  women,  323. 
Abdominal  muscles,  force  o^  159. 

-  thickness  of,  160. 

-  vertical  tension  of,  223. 

transverse  tension  of,  224. 

surface,  curvatures  of,  161. 

Absolute  force  of  muscles,  62. 
Absorption,  rapidity  of,  150. 
Accelerator  urinae,  action  of,  178. 
Action,  principle  of  least,  238. 
Adductor  muscles  in  man,  327,  346, 

354- 

primus,  317. 

secundus,  a,  328. 

„        ft  327- 

tertius,  327. 

quartus,  329. 

in  leopard,  349. 

in  lion,  376. 

llama,  337,  352. 

Agitator  caudae,  363. 
Ai,  foot  tendons  of,  108. 
Albatross  wing,  282. 

latissimus  dorsi  of,  256. 

Alligator,  flexors  of  toes  in,  1 1 7. 
American  method  of  hanging,  9. 
Anatomy,  comparative,  of  the  tendons 

of  hand  and  foot,  76. 
Andral,  on  right  ventricle,  145. 
Angel  shark,  pectoral  muscles  of,  180. 


Anomaly  of  flexor  poUids  in  man,  122. 

Angular  velocity  of  forearm  produced 
by  biceps,  175. 

Anaesthesia,  in  labour,  remarks  on, 
167. 

Anus,  sphincter  of  the,  208. 

Application  of  general  laws  of  mus- 
cular action,  442. 

Arm,  weight  of  the,  27. 

ArmstBong  gun,  bursting  of,  433. 

Arterial  blood  necessary  for  muscular 
contraction,  7. 

Armadillo,  foot  tendons  of,  107. 

Ass,  biceps  of,  169. 

Ateles,  hand  tendons  of,  125. 

muscles  of,  400. 

Axis  of  maximum  instability,  274. 

— ^  of  neutral  equilibrium,  274. 

minimum  stability,  274. 

Bat's  wing,  muscular  type  of,  423. 
Baxter,  woric  done  by  fix>g  muscles,  72. 
Bear,  tendons  of  foot  of,  1 10. 

hand  of,  131. 

Bengal  tiger,  103. 

fox,  29. 

Beowulf  quoted,  7. 
Biceps,  cross  section  of,  64. 

comparative  anatomy  of,  1 73. 

cruris,  cross  section  of,  67. 

of  Felidae,  179. 


488 


INDEX. 


Bice(>t,  and  brachiaeus  compared,  176. 
-— —  „  in  ungulates,  174. 

work  done  by,  34. 

Bicipid  accessorius,  length  of  fibres 

of,  I. 
Biometer,  21. 
Bird,  muscular  fibres  of,  3. 
— ^  muscular  type  of  wing  of,  419. 
— ^  principle  of  least  action  shown 

in  the  wing  of,  JOJ. 

—  ■   tendons  of  foot  in,  1 13. 
Blood,  arterial,  in  muscular  action,  7. 

—  quantity  of,  isa 

Boat  racing,  work  done  in,  48. 
Bombay  goat,  104,  13a. 
Borelli,  5,  73. 
Boilift,  59. 

Bonillaud  on  right  ventricle,  145. 
Bowman,  i,  3. 

Brachiaeus  anticus,  cross  section  of,  s. 
— —  comparative  anatomy  of,  173. 
Brain,  weight  of,  32. 
Brahmin  cow,  biceps  of,  174. 
Buccinator,  206. 

Buys  Ballot,  on  cross  section  of  mus- 
cles, 3. 
Buzzard,  pectoral  muscle  of,  184. 

Cabwheels,  sound  of,  on  London 
pavement,  19. 

Caninus  musculus,  207. 

Capillary  coefficient  of  blood  resist- 
ance, 143. 

Capuchin  monkey,  tendons  of  hand 
in,  125. 

Carnivores,  hand  tendons  of,  125. 

—  foot  tendons  of,  95. 

friction  of  foot  tendons  in,  102. 

Cassowary,  muscidar  t}T)e  of,  429. 
Causes  of  death  in  hanging,  8. 
Cercoccbus,  hand  tendons  of,  124. 
Chemical   effects   of  muscular   con- 
traction, 5, 


Chimpanxee,  thumb  flexor  of,  i2f . 

muscles  of,  40a 

Ciliaris,  203. 

Classification  of  musdes,  164. 

Cleavage  planes,  4. 

in  rocks  andmusdes  compared,  4. 

Coefficient  of  contraction  in  muscle,  7 1  • 

refreshment,  479. 

Coignet's  lift,  51. 

CoUongues  on  susnrms,  15,  2  r. 

Comparison  of  the  strength  of  ten- 
don, force  of  muscle,  and  the  force 
consumed  in  fiiction,  in  man,  87, 
in  mastiff,  90. 

Constancy  of  work  done,  law  of,  444. 

Constancy  of  volume  in  contracting 
musde,  5. 

Conclusion,  485. 

Condition  of  marimiim    in    rotator 
muscles,  323. 

Contraction,  muscular,  nature  of,  5. 

Coulomb,  work  done  by  porters,  60. 

Cross  section  of  muscles,  84. 

of  tendons,  85. 

of  biceps,  2. 

Cruveilhier  on  thickness  of  ventricles 

of  heart,  145. 
Curvatures  of  abdominal  surfaces,  161. 
Cygnus  atrata,  tendons  of,  1 18. 
Czermak,  20. 
Cynocephalus  hamadryas,  400. 

D'Alembert's  principle,  25. 
Darwin,  387. 

Death  by  hanging,  causes  of,  8. 
Deltoidal  muscles,  192. 
Deltoid  muscle,  comparative  anatomy 
of,  193. 

Diameter  of  elementary  fibres,  I. 
Diaphragm,  tension  of,  231. 
Dilator  Iridis,  200. 
Dingo,  foot  tendons  of,  99. 

muscles  of,  398. 
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Donden  on  cross  sections  of  fibres,  J. 

on  cross  sections  of  muscles,  64. 

• estimate  of  blood  pressure,  144. 

work  done  by  heart,  147. 

capacityof  the  left  ventricle,  138. 

Drop,  length  of,  required  for  instan- 
taneous death  in  hanging,  1 1. 

Duncan  (Matthews),  and  Tait,  expe- 
riments on  uterine  membranes,  155. 

Dynamical  work  done  by  muscle,  44. 

„  the  muscles 

of  entire  body,  62. 


ff 
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Edentata,  foot  tendons  of,  107. 
Effects  of  muscular  contraction,  5. 
Electrical  theory  of  muscular  contrac- 
tion, 6. 
Ellipsoidal  muscles,  210. 
Emu,  muscular  type  of,  424. 
Equivalent  fibre  in  skew  muscles,  360. 
Experiments,  Foot's,  26. 

Jevons',  39,  442,  450,  460. 

Haugfaton's,  Dr.,  454. 

J.  G.,  473. 

Captain,  26. 

S.,  26. 

Macalister's,  463,  479. 

Nipher*s,  442,  462,  475. 

— ^—  Ormsby's,  26. 

Fatigue,  law  of,  29,  450. 
Felidse,  biceps  of,  1 79. 

depressors  of  arm  in,  250. 

extensors  of  forearm  in,  251. 

hamstrings  of,  261. 

gastrocnemii  of,  261. 

Fibres,  elementary,  shape   of  cross 
sections  of,  2. 

elementary,  dimensions  of,  i . 

of  heart,  arrangement  of,  43 1 ,  434. 

of  heart,  proper  and  common, 


FibriUse,  5. 
Final  causes,  75,  156. 
Flexor  hallucis  longus,  76. 
—  digitorum,  76. 

accessorius,  76. 

muscles  of  forearm,  63. 

tendons  of  hand,  120. 

Foot,  tendons  of,  76. 

Foot,  Dr.,  experiments  by,  26. 

Force  of  leg  flexors,  68. 

absolute,  of  muscles,  63. 

transfer   of,    caused   by 


skew 


437. 


of  heart  of  ox,  lengths  of,  44 1 . 


muscles,  361. 
Fomfula  for  finding  length  of  drop  in 

l^anging,  9. 

for  wave  motion,  15. 

for  finding  statical  work  done 

by  muscles,  25. 
Fox,  Bengal,  foot  tendons  in,  99. 

finger  flexors  of,  1 30. 

flexor  pollids  of,  131. 

Friction  in  tendons  of  foot,  76, 102, 87. 

in  tendons,  table  of,  1 18. 

in  tendons  of  fingers,  134. 

in  long  flexors  of  birds,  117. 

Frog,  work  done  by  muscles  of,  72. 

General  laws  of  muscular  action,  442. 
Greneral  principles,  i . 
Gig  action  of  horse  explained,  177. 
Glutaeus  primus,  364. 

quartus,  371. 

quintus,  373. 

secundus,  367. 

tertius,  369. 

Goat,  Bombay,  hand  tendons  of,  132. 

„  foot  tendons  of,  103. 

Gorilla,  dissection  of,  400. 
Gratiolet,  on  thumb  of  Chimpanxee, 

lai. 

Greyhound,  adductor  musdes  of,  343, 

354. 
— —  muscular  type  of,  397. 
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Guns,  large,  constmction  of,  433. 
Hales,  capacity  of  li^^  ajid  left  vea- 
trides,  144. 

-  on  force  of  blood  cnnrents  in 
arteries,  138. 

Hamadryad  baboon,  40a 
Hamstrings  of  lion  and  tiger,  257. 
Hand  tendons,  anatomy  of,  12a 
Hanging,  history  of,  7. 

causes  of  death  in,  8. 

rules  for,  9. 

Hanghton,  Dr.,  experiments  o^  454. 

Captain,  „  26. 

J.  G^  „  473- 

'         o.,  ,f  20. 

Hare,  tendons  of  toes  in,  109. 
Hapale  Jacchus,  95. 
Heart,  coefficient  of  refreshment  of, 

484. 
-»—  shape  of,  438. 
-•^—  muscular  tissue  of,  4. 
— *  weight  of  human,  145. 

mechanical  work  done  by,  137. 

principle  of  least  action  showed 

in  arrangement  of  fibres  of,  430. 
Hedgehog,  tendons  of  toes  in,  107. 
Helmholz  on  work  done  by  human 

heart,  146. 
rate  of  action  of  motor  nerves  of 

frog,  14. 

work  done  by  frog's  muscles,  72. 

Henke   on    coefficient    of   muscular 

force,  69. 
Heron,  pectoral  muscles  of,  185. 

wing  of,  295-313. 

Hip,  theory  of,  361. 

peculiarities  of,  in  man,  401. 

abductor  muscles  of,  in  lion,  374. 

Hirsch  on  rate  of  action  of  sensitive 

nerves  in  frog,  14. 
Hodman,  useful  work  done  by,  58. 
Horse,  action  of,  253. 


Hyperbola,  cubic,  43. 
Hyperboloid  of  one  sheet,  333. 

Indicatrix  curve,  210. 

Ingram  on  hanging,  7. 

Inherent  work  in  a  triangular  muscle, 

182. 
Insectivora,  tendons  of  toes  in,  107. 
Involuntary  muscle,  3. 
Iris,  muscles  of,  200. 

Jabim,  foot  tendons  of,  114 
Jacchus,  foot  tendons  of,  95. 
Jackal  (Canes  pallipes),  98,  398. 
Jaguar,  tendons  of  foot  of,  97. 
Jevons'  experiments,    39,  442,  450^ 

460. 
Joulin  on  force  in  parturition,  157. 

Kangaroo,  foot  tendons  of,  1 1  r . 
ratio  of  section  of  muscle  to 

tendon  in,  91. 
King,  Croker,  on  hanging,  13. 
Knorz   on   coefficient  of  muscular 

force,  69. 
Koster  on   coefficient  of  muscular 

force,  70. 

Labouring,  force  of  man  in  a  day,  60. 
Laennec,  on  the  ventricle,  150. 
Lagothrix    Humboldtii,    tendons    of 

foot  in,  95. 
Lagrange's  theorem,  152,  218. 

principle  of  virtual    velocities 

used,  187. 

Latissimus  dorsi,  human,  work  done 

by,  191. 
dorsi  in  tiger,  250. 

dorsi,  comparative  anatomy  of, 

250. 

Law  of  work  proportional  to  weight, 

443- 

of  constancy  of  work,  444. 

of  fatigue,  29,  450. 
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Law  of  refreshment,  478. 

—  of  musoilar  action  general,  ap- 
plication of,  443. 

Least  action  in  nature,  principle  of, 

Lehmann,  on  quantity  of  blood  in 

body,  150. 
Leopard,  tendons  of  foot  in,  98. 

muscles  of,  391. 

adductors  of,  349, 354. 

Levret,  cubic  contents  of  uterus,  153. 

Length  of  fibres,  i . 

Legator  am,  208. 

Lioness,  friction  in  tendons  of,  96. 

biceps  of,  175. 

—  anatomy  of,  390, 
Lion,  anatomy  of,  390. 

— -  biceps,  179. 

— »  pectineus  of,  329. 

tensor  vaginae  femoris,  366. 

Litfaopsedus  Stenonensis,  on  the  forces 

of  parturition,  162. 
Llama,  toe  tendons,  119. 

hand  tendons,  132. 

pectineus,  329. 

adductors,  352. 

Loss  of  work  in  triangtilar  muscle, 

187. 
Lower,  on  volume  of  ventricles,  440. 

Macaques,  tendons  of,  92,  123. 
Macacus  cynomolgus,  400. 

—  nemestrinus,  92. 

hand  tendons  of,  123. 

-^  rhesus,  anatomy  of,  400. 
Macalister,  experiments  of,  468,  479. 
Macaw,  wing  of,  297,  314. 
Madaren's  experiment,  50. 
Macnamara,  experiments  on  the  ra- 
pidity of  absorption,  150. 

Magrath,  Master,  history  of,  343. 

—  muscles  of,  344,  397. 


Man,  muscular  type  of,  400. 
-^—  tendons  of  foot  of,  76. 

„        hand  of^  lar. 

pectoral  of,  187. 

muscles  of,  compared  with  those 

of  monkeys,  402. 

anomalous    hand   tendon    of, 

laa. 

adductors  of,  327. 

Mansfeldt  on  cross  section  of  muscle, 

64. 
Marsupials,  muscles  of  foot  of,  1 1 1. 

muscles  of  hand  of,  133. 

Mangabey,  anatomy  of  tendons  of, 

92,  127. 
Martinus  Scriblerus,  52. 
Mastiff,  ratio  of  sections  of  muscles 

to  tendons,  89. 

-  tendons  of  foot  in,  10 1. 
muscles  of,  398. 

Matteucci,     work     done     by     frog 

muscles,  7  a. 
Mechanical  conditions  of  equilibrium 

of  skew  muscles,  136. 
Moment  of  muscular  force,  63. 
Monkeys,  New  World,  tendons   of 

foot  in,  94. 

New  World,  tendons  of  hand 

in,  124. 

Old  World,  tendons  of  hand  in, 

123. 
Old  World,  tendons  of  foot  in, 

9a. 
Motor  nerves,  rate  of  action  of,  14. 
Mouth,  muscles  around,  304. 
Muscles,  absolute  force  o(^  63. 
— •  cross  sections  of,  84. 

classification  of,  164. 

<—  coefficient  of  the  contraction  of, 

dynamical  work  done  by,  62. 

prismatic,  104. 
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Mnsdet,  qtudrilateral,  acdon  of,  in  a 

plane,  232. 
— —  skew,  236. 

statical  woik  done  by,  19,  61. 

striped,  3. 

sexual  differences  in,  3. 

— —  uterine,  weight  of,  154. 

—  unstriped,  3. 
Muscular  fibre,' nature  of,  i. 
w—  contraction,  nature  of,  5. 
— —  contraction,  effect  of,  5. 

■    ■    SUSUITUS,  18. 

—  type  of  bat's  wing,  423. 
bird's  wing,  419. 
caa&owary,  429. 
emu,  429b 
man,  400. 
ostrich,  427. 
rhea,  427. 
struthionidse,  417. 
canidse,  391. 
fdidae,  399. 
swimming  animals,  425. 

action,  application  of  general 

laws  of,  442. 
Musical  note  of  muscular  susumis,  t8. 
Mylohyoid  muscle  in  man,  177. 

Nature  of  muscular  fibre,  I. 

of  muscular  contraction,  5,  14. 

Natural  selection,  158. 

Nervous  supply  of  ocular  muscles, 

203. 
New  World  monkej's,  tendons  in,  94. 
Nipher's  experiments,  442,  462,  475. 
Nylghau,  biceps  of,  169. 

Obturator,  extemus,  385. 

intemus,  373. 

—  ,,        in  Struthionida?,  427. 
Obliquus  extemus,  tensile  strain  of, 

219. 
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Obliquus  intemus,  tensile  strain  of, 

222. 
Old  World  monkeys,  tendons  in,  94. 
Orbicularis  palpebrarum,  201. 

malaris,  205. 

oris,  204. 

Ostrich,  foot  tendons,  113. 

muscular  typ>e  of,  411,  427. 

Otter,  tendons  of  foot  in,  lOO. 

Ox^  foot  tendons  of,  103. 

length  of  fibres  in  heart  of,  441. 

Papio  maimon,  400. 

Parturition,  muscular  forces  in,  131. 

total  forces  arailable  in,  162. 

Parkes  quoted,  47. 
Paviours,  work  done  by,  57. 
Pectoral  muscles,  human  work  done 

by,  19a 
Pectinens  muscle  in  lion,  328. 

muscle  in  llama,  329. 

Pedlars,  work  done  by,  60. 

Penniform  muscles,  167. 

Pennated  muscles  in  relation  to  pris* 

matic,  170. 
Personal  equation,  1 4. 
Phalanger,  foot  tendons  of,  12. 
Pheasant,  silver,  foot  tendons  of,  1 1 5. 

silver,  wings  of,  299,  315. 

Piers  Plowman,  quoted,  8. 
Poisseuille  on   discharge   of  liquids 

through  capillary  tubes,  142. 

on  blood  pressure,  142. 

Poppel,  cubic  contents  of  uterus,  154. 
Porcupine,  foot  tendons  of,  no. 

hand  tendons  of,  1 33. 

Postulate  of  teleology,  238. 

of  work  done  by  skew  muscles, 

358. 
Pope  quoted,  53. 

Pound,  Roman,  81. 

Porters,  work  done  by,  60. 
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Position,  of  socket  in  wing  of  bird, 

Ptairie  hunters,  8i. 
Principles,  general,  i. 
Prismatic  muscles,  165,  166. 
Principle  jof  least  action,  238,  302. 

„  shown    in 

heart,  431. 

Propositions  regarding  muscular  ar- 
rangement, 387. 

Pyrenean  mastiff,  tendons  of  foot  of, 
85,  88. 

Quadrumana,  hand  flexors  in,  123. 
Quadrilateral  muscles,  194. 

muscles,  examples  of,  196. 

Quadratus  labii  inferioris,  206. 

Rankine*s  principle,  47. 

-  obsenration  on  work  in  carrying 
loads,  57. 

Ratio  of  observed  work  done  by 
skew  muscles  to  maximum  possible 
work,  359. 

of  section  of  muscle  to  tendon 

in  mastiff,  89. 

of  section  of  muscle  to  tendon 

.   in  man,  86. 

section  of  muscle  to  tendon  in 

kangaroo,  91. 
Rate  of  nerve  action,  14. 
Rectus  abdominis,  tensile  strain  of, 

319. 
Relation  of  useful  work  to  weight,  44. 
Reptile  flexors,  117. 
Refreshment,  law  of,  478. 

coefficient  of,  479. 

Rhomboideus  muscle,  anatomy  of, 

66. 
Rhomboidal  muscles,  166. 
Rhea,  foot  tendons  of,  75,  114. 
— ^  muscular  type  of,  401. 


Rhinoceros,  foot  tendons  of,  105. 

Rhesus,  action  of  foot  in,  93. 

Rigor  mortis,  6. 

Risorius  muscle,  205. 

Rodents,  foot  tendons  of,  107. 

pectoral  muscles,  193. 

hand,  tendons  of,  132. 

Rosenthal,  work  done  by  frog 
muscles,  73. 

Rule  for  ensuring  instant  death  in 
hanging,  9. 

Running  and  standing  power,  com- 
parison of,  in  animals,  417. 

Russell,  Scott,  on  resistance  of  eight- 
oared  boat,  51. 

Sambur  deer,  biceps  of,  173. 
Sarcolemma,  3. 
Sartorius,  fibres  of,  i. 
Schulze  on  tendons  of  foot,  82. 
Section,  cross,  of  muscle,  84. 

cross,  of  tendon,  88. 

Semitendinosus,  section  of,  67. 
Semimembranosus,  section  of,  67. 
Shoulder  muscles,  work  done  by,  37. 

joint,  theory  of,  361,  388. 

Sibson  on  fibres  of  heart,  145. 
Skew  muscles,  postulate  for,  358. 

„       transfer  of  force  caused 

by,  361. 

muscles,  action  of,  232,  242. 

Sloth,  three-toed,  foot  tendons  of, 

105. 
Socket,  position  of,  in  wing  of  bird, 

3x7. 
Sommerring  on  right  ventricle,  145. 

Sorby  on  cleaved  rocks,  4. 
Spengler,  experiments  on  blood  pres- 
sure, 149. 
Sphincter  muscles,  4,  196. 
•—  muscles  of  the  eye,  201. 

„  mouth,  204. 
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Spider  monkey,  toe  tendons  of,  119. 
Statical  work  done  by  mnsdes,  24,  62. 
Standing   and    running   powen   in 

animals  compared,  417. 
Squirrel,  pectoral  of,  193. 
Stnithionidae,  muscular  type  of,  411. 
— —  flexor  tendons  of  foot  in,  113. 

—  hip-joint  of,  417. 

— ^  and  other  animals  compared, 

417. 

tendons  of,  75. 

Striped  muscle,  3. 

Striping  in  muscle,  mechanical  cause 

of,  4. 
Stdces  on  susunus,  20. 
Surfaces   curved,  muscles'  fonning, 

109. 
Susunus,  muscular,  16. 
Supraspinatus,  human,  weight  of,  31. 
— ^  work  done  by,  29. 
Swan,  black,  1 16. 
Swimming  animals,  muscular  type  of, 

4*5- 

Temporal  muscle,  human,  work  done 
by,  191. 

Tendo-palpebrarum,  202. 

Tension,  law  of,  in  ellipsoidal  sur- 
faces, 216. 

Tendons  of  hand  and  foot,  anatomy 
of,  74. 

cross  sections  of,  85. 

Tension,     vertical,     of    abdominal 

muscles,  223. 
-^^^  transverse,  of  abdominal  muscles, 

224. 
Tensor  vaginae  fcmoris,  366. 
Terrier,  Irish,  398. 
Thickness  of  elementary  fibre,  i. 

—  of  abdominal  muscles,  160. 
Tiger,  effects  of  ingrowing  claw  on 

weight  of  muscles,  1 28. 


Tiger,  claw,  cutting  of,  127. 

foot,  tendons  of,  102. 

latissimus  dorsi  of,  249. 

muscles  of,  391. 

hamstrings  of,  253. 

hand  tendons  of,  127. 

Tinnitus  aurium,  relation  of,  to  susur* 

rus,  17. 
Triangular  musdes,  178. 

„        work  done  by,  180. 

„        inherent  woric  in, 

182. 

„        loss   of  work   in, 

187. 

Triangularis  oris,  206. 

Transfer  of  force  in  skew  muscles, 

361. 
Trapezius,  human,  193. 
Turner  on  tendons  of  foot,  82. 
Tyndall  on  compressed  wax  cleavage, 

4. 
Types,  muscular,  390. 

„        of  birds,  419,  42a 

„        of  man  and  quadra* 

mana,  401,  406. 

muscular,  of  felidae,  391. 

„        of  canidae,  399. 

„        of  stnithionidae,  417. 

Ungulates,  tendons  of,  103,  131. 

Unstriped  muscle,  3. 

Uterus,  position  of  gravid,  1 53. 

volume  of  „       153. 

surface  of  „       154. 

amount  of  muscle  in,  154. 

muscular  wall  of,  mean  thick- 
ness, 155. 

muscular  wall  of,  tensile  strain 

on,  155. 

Uterine  contraction,  hydrostatical 
pressure  produced  by,  155. 

contraction,  extreme  force  of, 

>57. 
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Velocity   of  blood    spouting   from 
human  art^,  128. 

—  angular,    produced   by   biceps 
and  bracbiaeus,  175. 

Ventricles  of  heart,  thickness  of,  145. 
— •  of  heart,  vohune  of,  440. 
— —  left,  daily  work  of,  145. 

right,  „  145. 

Voluntary  muscle,  3. 
Vulpes  Bengalensis,  99. 

Walking,  54. 

—  Weber's  observations  on,  54. 
Wallaby,  foot  tendons  of,  1 11- 115. 

hand  tendons  of,  133. 

Wave-motion,  formula  for,  15. 
Weka-weka  rail,  115. 

Weber  on   coefficient    of  muscular 

force,  69. 
on  walking,  54. 

on  quantity  of  blood  in  body, 

150. 
Weisbach  on  flow  of  water  in  iron 

pipes,  45. 
Weights  of  muscles,  30,  45. 
of  heart,  145. 


Wing  of  albatross,  2B2. 

-^—  of  wood  pigeon,  293. 

— —  of  bird,  position  of  socket  in, 

3»7. 

-  muscular  type  of,  419. 

Wollaston  on  susurrus,  i6. 
Woman,  muscles  of,  3. 
Work,  excessive  muscular,  46. 

dynamical,    done   by   muscle, 

44- 
done  by  triangular  muscle,  180. 

„       penniform  muscle,  168. 

-  „       human  heart,  137. 

„       exponents  of,  6. 

„       biceps,  brachialis,  34. 

proportional  to  weight,  443. 

done  by  bird's  wing  and  pec- 
toral, 319. 

statical,  done  by  muscles,  44. 

Wolf,  foot  tendons  of,  102. 
hand  „  129. 

-  muscles  of,  398. 

Wood  pigeon,  wing  of,  293,  312. 

Zebu  bull,  tendons  of  toes  in,  104. 
Zygomatic  muscles,  205. 


THE  END. 


